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Abstract
Conventional power systems are still a large part of modern power networks where
synchronous generators are used to generate power. Turbine-governor and excitation
systems of synchronous generators are used to manage the operation of conventional
power systems under dierent operating conditions. Over the last few years, the in-
tegration of renewable energy sources (RESs) is increasingly being pursued all over
the world due to their several benets. The integration of RESs with the existing
utility grid poses severe problems in terms of maintaining the stability of power
grids and an appropriate amount of power injection with a lower total harmonic
distortion (THD). Moreover, the control of nonlinear power systems is quite di-
cult as the nonlinear dierential equations could not be resolved analytically. To
mitigate these constraints, the controller design based on the Lyapunov function is
prevalently presented in this thesis work. There are further challenges due to the
presence of parametric uncertainties and external disturbances within the system.
Therefore, the main objective of this research is to design backstepping, adaptive,
and robust adaptive controllers for power systems with synchronous generators, so-
lar photovoltaic (PV) systems, and the combination of all these generators along
with energy storage systems (ESSs) in a microgrid in order to enhance the transient
stability of the system subject to large or small disturbances within the system.
One of the key contributions of this thesis is to design an adaptive backstep-
ping controller design for conventional power systems with synchronous generators.
Dierent dynamical models of power systems are considered to design the adap-
tive excitation controller where these dynamical models are considered for power
systems with both single and multiple synchronous generators. The adaptive con-
trollers are designed recursively to adapt unknown stability sensitive parameters of
synchronous generators and these unknown parameters are estimated through the
adaptation laws. The second key contribution of this thesis includes the design of
robust adaptive backstepping controllers where the eects of both parametric un-
certainties (especially, for stability sensitive parameters) and external disturbances
are incorporated during the controller design process. As both adaptive and robust
adaptive excitation controllers are designed by neglecting the dynamics of turbine-
governor systems, this thesis further contributes to the design of a coordinated
iii
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adaptive controller in which the coordination is made between the excitation and
steam-valve controllers.
The proposed control schemes are also implemented on modern power systems
with RESs and particularly, on grid-connected photovoltaic (GCPV) systems and
DC microgrids. The proposed adaptive and robust adaptive controllers are designed
for three-phase GCPV systems by considering the dynamical models in terms of the
dynamics of currents in the dq-frame as well as in terms of the active and reactive
power. The main control objectives were to ensure the injection of appropriate active
and reactive power into the grid under dierent operating scenarios while enhancing
the power quality in the form of reducing the THD.
Lastly, the proposed backstepping and adaptive backstepping approaches are im-
plemented on DC microgrids where these controllers are designed for all components
within the microgrid. The proposed hybrid DC microgrid comprises with a solar
PV unit, a backup diesel generator with a rectier, a battery energy storage sys-
tem (BESS), and loads (both critical and non-critical). The main objectives for all
controllers are to minimize the mismatch between the generation and consumptions
while maintaining a constant DC-bus voltage to which all components are directly
or indirectly connected through power electronic interfaces.
For all these controllers, the stability of the whole power system is analyzed with
the formulation of suitable control Lyapunov functions (CLFs). The convergence
of dierent physical properties of power systems (e.g., synchronous speed and rotor
angle for synchronous generators, active and reactive power for solar PV systems, the
DC-bus voltage for DC microgrids, etc.) is ensured from the negative deniteness
or semi-deniteness of the derivative of CLFs. The performance of the proposed
controllers is compared with existing controllers through rigorous simulation studies
under dierent operating conditions. The experimental validation is also performed
for DC microgrids to demonstrate the applicability of the proposed controller on a
practical hardware setup.
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Chapter 1
Introduction
Modern power systems are highly nonlinear and complex interconnected dynamical
systems which uncertain characteristics and some of these uncertainties create severe
transient stability problems in power systems. Moreover, power systems operate
close to their stability limits to meet the continuously changing load demand which
further stress the whole system. These stressed power systems are prone to any
disturbance and reduce the overall stability margin. Therefore, the power system
stability is still a critical issue for both industries and researchers. Traditionally,
excitation controllers are used for large synchronous generators to maintain the
stability of power systems as these generators represent major dynamic components.
At the same time, the integration of renewable energy sources (RESs) is booming
around the world due to several technical and environmental benets. While the
integration of these new RESs has created several opportunities, e.g., microgrids;
these pose several technical challenges such as appropriate sharing of active and
reactive power, power quality, etc. Though there are dierent types of RESs, solar
photovoltaic (PV) systems are the most popular for small-scale applications, e.g.,
small industries (three-phase solar PV systems), residents (single-phase solar PV
systems), and microgrids including both AC and DC. Most of these challenges in
power system applications can be resolved by designing appropriate controller for
specic applications to synchronous generators in traditional power systems and
grid-connected PV systems in modern power networks including microgrids with all
these components along with energy storage systems (ESSs). Therefore, this thesis
aims to design novel nonlinear controllers for dierent applications in power systems.
1.1 Background
Electric power systems are the best examples of interconnected systems where gen-
erators and loads are connected in over the network along with other components
such as protection relays, transformers, circuit breakers, etc. Such interconnected
power systems are highly nonlinear systems due to several reasons. For example,
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the characteristics of synchronous generators including solar PV systems are non-
linear while the loads in power systems vary continuously which exhibit complete
nonlinear characteristics. As the loads are continuously varying in power systems,
there are some mismatches between the generation and demand which lead to oscil-
lations with small magnitudes and low-frequencies. The power transfer capabilities
in power systems will be limited when these oscillations of small magnitudes and
low-frequencies persist for longer periods [1]. Consequently, the lifetime of dierent
components in power systems reduces, the operational eciency of power networks
decreases, and in the worst condition, there are risks of potential blackouts within
the system. Moreover, the stability and control problems become more compli-
cated when power systems are subjected to sever external disturbances, e.g., sudden
changes in load demands, tripping of generators, short-circuit faults, or measure-
ment noises. However, excitation controllers of synchronous generators still have
the ability to provide additional damping into the system in order to maintain the
ecient and reliable operations and the amount of damping depends on dierent
factors which are considered during the controller design process [2{6]. The factors
which mostly aect the damping capability of excitation controllers are accuracies
of power system models, values of power systems parameters, and tolerance capa-
bilities to other external disturbances such as measurement noises. These factors
are crucial as power systems exhibit very unpredictable characteristics when there
are external disturbances within the systems and the parameters are inaccurate.
The variations in some parameters are very common during the operation of power
systems and these variations signicantly aect the stability of power systems. In
addition, there are several natural disturbances such as tornado, storms, freezing
rain, bushres, ood, etc., which may occur within any part of the system and these
disturbances usually rst aect only that particular portions of the network but
later spread out within the system. Power systems should have the ability to en-
dure these disturbances while not aecting the stability of the healthy portions with
sucient stability margins. In such conditions, it is essential to design nonlinear
controllers which can tackle all these constraints, i.e., model accuracies, parametric
uncertainties, and external disturbances.
Currently, load demands are mostly met by the power generated from power
plants based on fossil fuels and nuclear reactors. RESs are used to meet only a
small portion of the load demand through the integration of RESs are increasing
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world-wide in recent years. There are dierent types of RESs such as the wind, solar,
biomass, wave/tidal, etc [7, 8]. The solar energy, especially the solar PV system, is
one of the most promising RESs with distinct advantages such as ease of installation,
noise-free, safe operation, and environment-friendly without any air pollution [9{12].
From the past decades to now, solar PV systems have been widely installed as
either grid-connected or standalone power systems. However, the majority of solar
PV systems (approx. 98%) are installed as grid-connected systems due to several
potential economic and technical benets [13]. However, the generated output power
from the PV system may vary or uctuate due to changes in atmospheric conditions,
variations in parameters, or any other external disturbance. These uctuations in
the output power of the solar PV system pose new challenges, e.g., voltage stability
problems due to the lack of appropriate power delivery, distortions (harmonics)
in the grid current, etc. to the existing power grid. Therefore, the converters in
grid-connected PV systems need to be controlled in such a way that the stability
problems can be eliminated for the ecient operations of the whole system under
any operating condition.
DC microgrids are another specialized applications of power systems which are
designed to supply power in telecommunication, irrigation, and railway industries
in remote areas as these industries mostly have DC loads. Such DC microgrids
mainly use solar PV systems as the main power generation system as the output
power of solar PV systems is DC and thus, reduces the conversion stages. Moreover,
the DC microgrids include battery energy storage systems (BESSs) and standby
diesel generators as solar PV systems have intermittent characteristics. The diesel
generators are mainly synchronous generators and occasionally used while the loads
are varying. All these components of DC microgrids are interconnected through
power electronic converters such DC-DC (buck or boost) and/or AC-DC converters.
The intermittent characteristics of RESs and continuously varying load demands
make the power management task as a dicult one. However, the overall operational
eciency of DC microgrids heavily relies on the power management capability of
dierent components. Therefore, it is essential to design a controller which has the
ability to regulate the output power of dierent components in DC microgrids.
This chapter is aimed to provide an overview of dierent control techniques used
for the excitation and steam-valve controllers in traditional power systems, DC-
AC converter, i.e., voltage source inverter (VSI) controllers in grid-connected PV
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systems, and converter controllers for dierent components in DC microgrids as
discussed in the following sections.
1.2 An overview of excitation and steam-valve controllers
for synchronous generators in power systems
As mentioned earlier, synchronous generators are the main part of the traditional
power system. While representing power networks with synchronous generators, it is
essential to consider the excitation and steam-valve systems. Excitation systems are
capable to adjust the terminal voltage as well as to maintain the synchronous speed
of synchronous generators under large disturbances which are the key requirements
for maintaining the transient stability of power systems. The excitation systems
provide eld currents to synchronous generators and at the same time, automatically
regulate these eld currents to cope with the dynamic operating characteristics of
synchronous generators. The excitation systems have the ability to respond any
large disturbance within the system while forcing the eld to maintain the steady-
state operation in conjunction with the instantaneous and short-term capabilities of
synchronous generators. On the other hand, steam-valve control action is used to
regulate the output mechanical power of turbine-governor systems with changes in
loads in power systems.
Traditionally, power systems stabilizers (PSSs) are used to modulate the excita-
tion control signals in power systems where the main control objective is to provide
additional damping into the system in order to enhance the stability margin [14{19].
However, these PSSs are mainly designed based on the linearized models of power
systems and used to eliminate low-frequency oscillations due to small disturbances
(e.g., slight variations in load demands). In addition, these PSSs are not capable to
provide adequate damping when power systems are subjected to large disturbances,
e.g., large changes in load demands, sudden short-circuit faults, etc. Several ad-
vanced linear control techniques, such as linear matrix inequality (LMI)-based H1
controller and minimax linear quadratic regulator (LQR) as presented in [20, 21],
are used to overcome the limitations of existing PSSs. However, all these linear ex-
citation controllers have the ability to preserve the stability of power systems only
over a xed set of operating points and are not able to perform when power systems
are subjected to large disturbances such as three-phase short-circuit faults at one
of the key locations [22{29]. On the other hand, the operational constraints are
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not conned to some specic sets of operating regions as these exhibit intermittent
characteristics. In such cases, nonlinear excitation controllers based on dierent
nonlinear control techniques (e.g., feedback linearization, sliding mode, adaptive
backstepping, etc.) are mostly useful as the design process of these controllers is
independent of operating points [30{33].
The feedback linearization technique is a widely used nonlinear control scheme to
design the excitation controller for power systems in order to enhance the transient
stability [3, 34{38]. The existing literature of excitation controllers design using
the feedback linearization technique includes three dierent forms such as direct
feedback linearization (DFBL), exact feedback linearization (EFBL), and partial
feedback linearization (PFBL). The EFBL scheme is proposed in [2, 38] to design
the excitation controller of power systems where the rotor angle of the synchronous
generator is considered as the output function which is very dicult to measure.
Similar output function is considered in [39{41] to design a nonlinear excitation
controller with the DFBL approach. However, the rotor angles of synchronous gen-
erators are not available from the direct measurement. The PFBL approach is
used in [3,5] to design excitation controllers for multimachine power systems which
overcome the diculties of rotor angle measurements through the consideration of
directly measurable speed deviation as an output function. However, the imple-
mentation of feedback linearizing excitation controllers requires the exact values of
power system parameters. To overcome the eects of parametric uncertainties in
power systems, an adaptive FBLEC is proposed in [4] where adaptation laws are
used for the estimation of unknown interconnection. But the practical operation of
power systems is aected by the stability sensitive parameters which are mostly the
parameters of synchronous generators. Moreover, the uncertainties in power sys-
tems are not only parametric but also state dependent. A robust partial feedback
linearizing excitation controller (PFBLEC) is considered in [30, 42] by considering
both parametric and state-dependent uncertainties in a structured way. Though
the excitation controller as proposed in [30,42] provides robust performance within
the upper bound of the uncertainties, the control law is very conservative when the
system runs beyond the modeled uncertainties. Another adaptive version of the
feedback linearizing control is proposed in [41,43] to regulate the speed deviation in
which the knowledge of some critical parameters are not required. But the eects
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of external disturbances such as measurement noises and stability sensitive param-
eters such as damping coecients, inertia constants, and direct-axis open-circuit
time constant are not considered in these papers. Therefore, a nonlinear controller
needs to be designed in such a way that it should include the eects of external
disturbances and stability sensitive parameters.
The sliding mode control (SMC) scheme has the ability to overcome the parame-
ter sensitivity problems of feedback linearizing excitation controllers as this scheme is
robust against variations in parameters and external disturbances [32,33]. A robust
sliding mode excitation controller, based on a time-varying sliding surface, is pro-
posed in [23, 44] to improve the transient stability of power systems under external
disturbances. However, the sliding mode excitation controllers in [23, 32, 33, 44] are
designed using the simplied third-order models of synchronous generators. More-
over, the determination of sliding surfaces is not an easy task especially when power
systems experience large disturbances.
The nonlinear adaptive backstepping technique is one of the promising tech-
niques to design excitation controllers for power systems with synchronous genera-
tors when the exact parameters of synchronous generators are not known because
this approach allows to dynamically estimate the unknown parameters with adap-
tation laws [45{49]. Moreover, the adaptive backstepping control scheme uses the
useful nonlinearities in power systems instead of fully canceling these as in the
feedback linearization scheme and thus, signicantly improves the stability mar-
gin [50, 51]. A nonlinear adaptive backstepping controller is proposed in [52] to
enhance the transient stability of power systems where the innite bus voltage and
transmission line parameters are considered as unknown parameters. An adaptive
decentralized excitation controller based on backstepping method is proposed in [53]
by considering only the direct-axis open-circuit transient time constant as an un-
known parameter. A similar approach has been proposed in [54, 55] to damp out
electromechanical oscillations by considering the damping coecient of synchronous
generators as an unknown parameter. Though the existing literature of nonlinear
adaptive backstepping controllers for power systems considers some parameters as
unknown, the signicance such considerations are still uncovered. Therefore, it is
essential to consider all these critical parameters as unknown in order to design an
adaptive backstepping controller. Recent analyses have identied that the stability
margin of power systems deteriorates with variations in some parameters which are
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called critical parameters [56, 57]. From these analyses, it has been found that the
damping coecient, inertia constant, direct-axis time-constant, and direct-axis tran-
sient reactance are known as critical parameters of synchronous generators as the
slight variation of these parameters strongly aects the dynamic stability of power
systems. The variations of these parameters are unpredictable and may gradually
vary due to the saturation eect [58]. However, external disturbances which usually
exist in power systems are not taken into account during these controllers design
process.
In order to address the problems of adaptive backstepping controllers so far dis-
cussed in the above paragraph, a robust adaptive backstepping controller is proposed
in [58,59] where some stability sensitive parameters such as the damping coecient
and transient reactances of synchronous generators are considered as unknown along
with the consideration of external disturbances within the power system model.
However, other important stability sensitive parameters such inertia constant and
direct-axis open-circuit time constant are not considered as unknown in order to
design the controller. A robust adaptive H1 controller with unknown damping
coecients and external disturbances is proposed in [60] where the controller is de-
signed based on the modied adaptive backstepping sliding mode control method.
The main problem with the backstepping based sliding mode control approach is
the determination of the sliding surface while considering external disturbances. An-
other robust adaptive transient stabilizing scheme is proposed in [61] where the main
emphasis is provided on parametric uncertainties rather than other external distur-
bances. Therefore, the design of excitation controllers by considering all stability
sensitive parameters of synchronous generators and mechanical power inputs to the
generators along with external disturbances, is worthwhile as these aspects are still
uncovered. Thus, this thesis focuses on the design of a robust adaptive backstepping
excitation controller where all stability sensitive parameters along with mechanical
power inputs are considered as unknown in both single machine innite bus (SMIB)
and multimachine power systems. Moreover, these literature on the improvement of
transient stability of power systems so far discussed in this chapter mainly consider
the excitation controller design but the design of steam{valve controllers is ignored.
When a severe fault (e.g., a three{phase short{circuit fault) occurs at the ter-
minal of synchronous generators, the reactance of transmission lines changes a lot.
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This, in turn, rapidly changes the conguration of power networks. Also, the pa-
rameters of the synchronous generator excitation system, which are mostly critical
parameters, sensitive to the system stability, change signicantly due to the tran-
sients in power networks. In such cases, the power system may lose its stability
as these parameters deviate from their nominal values. The excitation control of
synchronous generators can perform very well to maintain the transient stability of
power systems under some severe external disturbances. But when the load demands
are continuously changing and the mechanical power input of the synchronous gen-
erator is constant, it is not possible to main the stability of power systems with
only the excitation controller. In such a case, it is essential to adjust the mechani-
cal power input of synchronous generators to match the load demand through the
steam-valve control action of turbine-governor systems and hence, the dynamics of
turbine-governor systems need to be considered to design the steam{valve controller.
An adaptive backstepping control technique is used in [62, 63] to design the
controller of turbine-governor systems to control the steam-valve position with un-
known damping coecients of synchronous generators and reactance of transmission
lines. Another similar controller is proposed in [64] to control the valve position of
boiler-turbine dynamics by considering the turbine, boiler, and boiler storage time
constants as unknown parameters while a similar scheme is proposed in [65] by con-
sidering the transmission line parameters as unknown in the presence of external
disturbances. However, these controllers are not designed by considering stabil-
ity sensitive parameters in [56] while the consideration of excitation controllers is
avoided.
It is essential to design both excitation and steam{valve controllers to ensure the
stability of power systems under severe external disturbances along with changes
in load demands. A nonlinear adaptive controller is proposed in [66] where the
damping coecient and direct-axis transient open-circuit time constant are consid-
ered as unknown for the excitation controller and the boiler-turbine time constants
are considered as unknown for the steam-valve controller. Similar control schemes
are used to design the excitation controller in [41, 43] for improving the transient
stability of power systems by considering damping coecient, direct-axis transient
reactance, and mechanical power as unknown parameters. However, these adap-
tive controllers are designed without any coordination between the excitation and
steam{valve systems. The coordination between the excitation and steam{valve
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controllers of synchronous generators can tackle sudden mechanical and electrical
perturbations to maintain the transient stability of power systems. In [67{69], non-
linear adaptive controllers are designed for thermal power systems based on the
coordination of boiler and turbine units but the dynamics of synchronous genera-
tors are neglected. A coordinated controller based on a backstepping approach is
proposed in [70] without considering any unknown parameters or external distur-
bances. Another coordinated controller is proposed in [71] where the steam{valve
position controller is designed using the adaptive backstepping technique and the
excitation controller is designed based on the coordinated passivation method. The
excitation controller in [71] has a practical implementation problem as it is dual-
excited. Moreover, the transient performance is not guaranteed when the external
disturbances appear within the system. Apart from this, there are other impor-
tant parameters even within the classical model which aect the stability of power
systems. Apart from these, some parameters which aect the transient stability of
power systems cannot be captured through the extensively used classical third-order
model. Though the existing adaptive backstepping excitation controllers have the
ability to ensure the transient stability of power systems under dierent operat-
ing conditions, the unmodeled dynamics often deteriorate the stability margin [36].
Therefore, it is signicantly worth to design nonlinear adaptive backstepping exci-
tation controllers by considering all stability sensitive parameters as unknown along
with external disturbances in order to preserve the transient stability of power sys-
tems. Moreover, this research is aimed to design a nonlinear controller to improve
the transient stability of multimachine power systems through the coordination of
the excitation and steam{valve controllers where all critical parameters of the system
are considered as unknown.
The literature on excitation controllers, so far discussed in this chapter, mainly
consider the one-axis model of synchronous generators. The one-axis model of syn-
chronous generators represents the generator as a simple voltage source behind the
transient reactance which cannot capture full dynamic characteristics of power sys-
tems. Therefore, the unmodeled dynamics can still aect the stability of power
systems by exhibiting low-frequency oscillations which even cause the instability
within the system [72]. In order to address this limitation, in [42], a fth-order
dynamical model is used to design a robust excitation controller based on the PFBL
approach by considering the two-axis model of synchronous generators along with
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the dynamic of excitation system. The excitation controller in [42] provides robust-
ness against parametric and state-dependent uncertainties up to an upper bound.
Despite the exibilities in operating points and robustness against dierent factors,
the successful implementation of these feedback linearizing excitation controllers re-
quires the accurate and precise parametric information of the system. However, it is
quite tough to know the parameters precisely and accurately as some of these param-
eters vary during the operation of power systems. As mentioned earlier, the SMC
scheme has the ability to overcome the parameter sensitivity problems of feedback
linearizing excitation controllers as this scheme is less sensitive to the variations in
parameters and external disturbances [33]. A higher-order block-based SMC scheme
is used in [73] to enhance the transient stability of power systems where the two-axis
models of synchronous generators are used along with the dynamic of the automatic
voltage regulator (AVR). However, the unexpected steady-state chattering prob-
lem is very common in the SMC approach. Moreover, the determination of sliding
surfaces is not an easy task especially when power systems experience large distur-
bances. The consideration of detailed dynamical models of power systems during
the nonlinear robust adaptive backstepping excitation controller design process will
help to overcome this problem and this is still an emerging research area for the
power system stability and control. Therefore, this research work also focuses to de-
sign a robust nonlinear excitation controller by considering the higher-order models
of power systems to capture the unmodeled dynamics along with external distur-
bances. The following section is devoted to provide an overview of dierent control
schemes for grid-connected PV systems as this thesis also focuses on this issue.
1.3 Overview of controller design for gird-connected solar
PV systems
Renewable energy sources (RESs), especially the wind and solar, have gained at-
tractions in recent year as new means of generating power as compared to the
traditional sources due to several reasons. The integration solar photovoltaic (PV)
systems are increasing due to their several advantages as mentioned earlier in this
chapter. Though solar PV systems can be installed in two fashions- standalone and
grid{connected, however, most of the PV systems are installed as grid-connected
systems [13]. In a grid-connected solar PV system, the system should be operated
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in a manner that the maximum extracted power from the PV array can be deliv-
ered into the grid under changing atmospheric conditions. To achieve this objective,
the grid-connected PV system has to perform two essential functions: i) ensure the
operation of PV arrays at maximum power point (MPP) through a maximum power-
point tracking (MPPT) technique and ii) inject a harmonic free sinusoidal current
into the grid by controlling the switches of inverters [74]. Various MPPT tech-
niques have been proposed in [75{83] to ensure the operation of PV arrays at MPP
under continuously changing atmospheric conditions and most of these approaches
have accuracy problems and inability to work under partial shading conditions. The
perturb and observe (P&O) is one of the most popular method due to its simple con-
trol structure which is commonly used in solar PV systems to extract the maximum
power where the operating point of MPPT moves toward the maximum power point
by periodically increasing or decreasing the output voltage of PV arrays [84{87].
However, the P&O method has some limitations such as slower response times and
oscillations in the output power of PV arrays. To overcome these problems, an in-
cremental conductance (IC) method is used in [88{94] for its conciseness and higher
tracking eciency which is also used in this thesis to extract the maximum power
from PV arrays. It is worth to note that this thesis stresses on the control of VSIs
in grid-connected PV systems rather than focusing on MPPT techniques.
The stable operation of a grid-connected PV system is aected by dierent dis-
turbances within the system such as changes in atmospheric conditions, dierent
types of faults, etc. The stability of grid-connected solar PV systems is maintained
with the design and implementation of dierent types of controllers which regu-
late the switching signals of the inverter through a pulse width modulation (PWM)
scheme based on cascaded control loops [95]. A current control loop is used to reg-
ulate the active and reactive current components of the current at the output-side
of inverters for injecting a sinusoidal current into the grid with a power factor close
to unity for the delivery of maximum power [74].
The characteristics of diode currents in a solar cell along with the switching
functions of converters and inverters are nonlinear. Therefore, grid-connected so-
lar PV systems exhibit highly nonlinear characteristics and the stable operation of
three-phase grid-connected PV systems under changing atmospheric conditions is a
challenging task. Under these circumstances, linear controllers are unable to achieve
the desired performances over a wide variation in atmospheric conditions [96{99].
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Thus, the design and implementation of nonlinear controllers are essential as these
nonlinear techniques can eectively tackle the variations of operating points.
There are several nonlinear control techniques such as SMC [100], model pre-
dictive controller (MPC) [101], and FBLC [102{104] which have been proposed to
analyze the dynamic stability of grid-connected PV systems. Among these non-
linear controllers, feedback linearization (FBL) techniques have been widely used.
In [102{104], a nonlinear FBL technique is proposed to analyze the dynamic stabil-
ity of a three-phase grid-connected PV system. This method provides satisfactory
performance over a wide range of operating points. However, it requires exact
parameters of the system for the successful implementation. Moreover, FBL tech-
niques often cancel some useful inherent nonlinearities within the system during the
transformation from nonlinear system to a fully or partially linearized system which
further degrades the performance of the controller.
The wasteful cancelation of nonlinear dynamics in the FBL method can be
avoided using a nonlinear backstepping controller as proposed in [105] which stabi-
lizes the nonlinear terms rather than complete eliminations. Moreover, the nonlinear
SMC has the ability to overcome parameter sensitivity problems of FBL schemes
as this control scheme is less sensitive to the variations in parameters and external
disturbances [33]. The nonlinear sliding mode current controller is designed based
on the time-varying sliding surface to ensure the stable operation of a three-phase
grid-connected PV system [106]. Though this SMC is less sensitive to parameter
variations and external disturbances, the selection of the time-varying surface is
very dicult. A nonlinear MPC is proposed in [107] to control a single-phase grid-
connected PV system which has a constant switching frequency and requires exact
information of the system parameters for successful implementation. It is evident
from the existing literature that most of the controllers are designed only for the
operation of the system at unity power factor, i.e., just for delivering active power
into the grid. Therefore, the reactive power consumed by loads in distribution net-
works need to be supplied through other external sources which are very expensive.
Therefore, a controller should be designed in such a way that the PV system can
inject both active and reactive power into the grid. Though there is some existing
literature for delivering both active and reactive power into the grid from solar PV
systems, there are no clear indications about the design process of the controllers
and the external disturbances are neglected [12, 107]. A Lyapunov function-based
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backstepping controller is proposed in [108] to control the power through the cur-
rent injection into the grid. However, the backstepping controller considers neither
parametric uncertainties nor external disturbances during the design process. An
adaptive backstepping controller is used in [109] where parametric uncertainties are
considered and external disturbances are neglected. However, the external distur-
bances have signicant eects on the stability of three-phase grid-connected solar
PV systems and therefore, it is essential to design a controller which has the ability
to capture both external disturbances as well as parametric uncertainties. So far,
the controllers as discussed in the above literature are designed based on the dy-
namics of currents in dq-frame. Therefore, it is worth to design a robust adaptive
backstepping controller for the VSI in grid-connected PV systems based on the dy-
namics of the current in dq-frame while considering all parameters as unknown and
at the same time, counting the eects of external disturbances. This thesis focuses
on the design of such a controller for grid-connected PV systems for regulating only
active power as well as both active and reactive power.
Recently, the direct power control (DPC) strategy has been widely used to con-
trol the power injection into the grid as this allows to directly control instantaneous
active and reactive power rather than currents in dq-frame [110]. The DPC approach
eliminates the necessity of any internal current control loop and consequently, the
controller design process becomes simpler. Generally, the switching look-up-table
(LUT)-based DPC is used for three-phase grid-connected PV systems in order to
achieve the desired power injection where the switching signals are selected based
on the instantaneous errors between the desired and actual values of both active
and reactive power [111]. However, this switching LUT-based DPC scheme re-
quires high sampling frequency in order to achieve the desired control objectives. A
hysteresis-based LUT with DPC approach is used in [112] to overcome the limita-
tion of switching in the LUT-based DPC scheme. However, this approach requires
variable switching frequencies along with higher sampling rates which introduces
harmonics and makes the lter design dicult [113]. A model predictive-based DPC
approach is employed in [114,115] to further improve the performance of three-phase
grid-connected PV systems. Though this model predictive-based approach can easily
include the constraints and nonlinearities within the system, its successful imple-
mentation requires the precise parametric knowledge of the system which is quite
dicult [113].
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A DPC approach with the SMC is proposed in [116{118] to ensure the dynamic
performance of a grid-connected PV system while providing robustness against para-
metric uncertainties and external disturbances. Though the SMC provides fast dy-
namic responses and guarantees the stability of PV systems, the chattering in the
SMC causes high-frequency oscillations in the control input. Nevertheless, the over-
all stability of the system is only conned to the sliding surface and the selection of
the time-varying sliding surface is extremely dicult due to fast changes in atmo-
spheric conditions.
The nonlinear adaptive backstepping control scheme is one of the promising
alternative solutions to overcome the limitations of the existing DPC with the LUT-
based approach, model predictive controllers, and SMCs. In an adaptive backstep-
ping control approach, all system parameters can be considered as completely un-
known as it can dynamically estimate these unknown parameters through adaptation
laws [119]. A nonlinear backstepping controller is proposed in [108] for three-phase
grid-connected PV systems to directly control the active and reactive power injec-
tion into the grid. A similar approach with similar control objectives is proposed
in [109] where all parameters of the system are considered as completely unknown
and adaptation laws are used to estimate these unknown parameters. The controllers
in [26,108] are designed based on the dynamics of the dq-frame current components
rather than the dynamics of active and reactive power. However, a DPC approach
with the adaptive backstepping controller has not been considered for three-phase
grid-connected systems in the existing literature.
This thesis also aims to design an adaptive backstepping controller to facilitate
the DPC in grid-connected PV systems while considering all parameters within the
system as unknown. Additionally, the robustness of the adaptive backstepping ap-
proach is ensured by including the eects of external disturbances. The performance
of these controllers are evaluated under changing atmospheric conditions. Lastly,
the thesis focuses on the controller design for dierent components in DC micro-
grids and an overview of the controller design for DC microgrids is provided in the
following section.
1.4 Overview of controller design for DC microgrids
As the output power from solar PV systems is DC and BESSs store DC power, these
components can be used for small scale-applications to reduce the conversion stages
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as well as conversion losses. In such a case, BESSs are used to meet the load demand
when there is no power from the solar PV system, e.g., during the night. When all
these components are connected together with power electronic converters to supply
power in a small area, it can be considered as a microgrid [120{125]. The main idea
of microgrids is to supply power in a designated area and microgrids usually have
the ability to generate their own power, i.e., microgrids can operate independent
of the main grid which is also known as islanded operation. Sometimes, it is not
possible to meet the load demand by generating power from the solar PV system
and even by discharging BESSs. In this case, microgrids rely either on the main grid
(which is called grid-connected operation) or some standby generators in the case
of islanded operations. Normally, diesel generators are used as standby to supply
the load demands during the emergency operation, i.e., when there is not enough
power from the PV unit and BESS. These types of islanded microgrids are used for
rural areas where the frequent delivery of conventional fossil fuel is more expensive.
The loads in microgrids can either be AC or DC as well as the combination of both
AC and DC. Most of these components in microgrids are primarily based on the DC
voltage, e.g., the output voltage of solar PV systems is DC and similarly, BESSs
store DC power. Thus, the operation of DC microgrids will be more economical
and technically robust than AC microgrids, especially for some specic application
which only have DC loads [126{136].
There are several benets of employing DC microgrids. If loads are directly
supplied with DC power, the eciency of the system becomes higher owing to the
reduction of conversion losses from sources to loads [137]. Apart from that, DC
microgrids can overcome some limitations of AC microgrids such as the frequency
synchronization, the control of reactive power ow, and power quality issues [138].
Recently, the deployments of DC microgrids are resurging due to the utilization of
RESs based on the DC output power and their inherent advantage for DC loads in
commercial and residential applications. A low voltage DC microgrid is proposed
in [139] to supply the power in a residential complex where the supercapacitor is
used as the main power supply. A solar PV based standalone DC microgrid for
supplying small-scale residential DC loads as proposed in [140] has achieved a great
deal of attention owing to the distinctive advantages of solar PV systems.
Despite several advantages as mentioned above, there are several challenges in
the operation of DC microgrids. Among these challenges, the maintenance of power
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balance for continuously changing load conditions and intermittent characteristics
of solar PV systems are the most critical issues. The stable and reliable operations
of DC microgrids depend on the ability to maintain the power balance between the
sources and loads under these changing and uncertain operating conditions. In such
situations, energy storage systems (ESSs) play the most crucial role in terms of
guaranteeing the reliability of DC microgrids [141]. The most commonly used ESSs
in a microgrid are batteries, supercapacitors, and hydrogen storage for fuel cells,
etc. Therefore, it is essential to pay some special attention on the ESSs which are
used in the microgrid.
BESSs are responsible for balancing the short-term dierence between the gener-
ation and load demand due to stochastic variations of RESs as well as loads. To do
this task eectively, the BESS needs to be controlled in such a way that it can supply
the loads when there is a shortage of power from the RESs or it stores the power if
there is an excess power within the microgrid [142,143]. Although the integration of
BESSs guarantees the stability of microgrids, however, add further complexities into
the system in terms of energy management and control for managing peak demands
and variations in the load demands. Hence, a control scheme is required to control
the bidirectional power ow between the DC-bus and BESS in a DC microgrid.
The stability of DC microgrids relies on the regulation of DC-bus voltage which
is mainly used to supply the loads. Thus, the control of the DC-bus voltage is impor-
tant as this is treated as an indicator for balancing power in DC microgrids [144].
The droop control technique is one of the most used methods for regulating the
DC-bus voltage in microgrids as it can detect the current or output power as the
feedback factor and the deviation of the bus voltage is controlled in proportion to
the output power [145, 146]. However, this is not the best solution when power
electronics converters are connected to dierent devices such as solar PV systems,
diesel generators, wind generators, and BESSs with dierent sets of state of charges
(SOCs) [147,148]. To overcome this limitation, a gain-scheduling control in conjunc-
tion with a centralized fuzzy controller has been proposed in [149] for better voltage
regulation, power sharing, and energy balance in a DC microgrid. However, the
approach as proposed in [149] uses a centralized fuzzy controller in order to modify
the voltage reference for balancing the stored energy. Moreover, the controllers as
presented in [145{149] are designed either based on the static or linearized models
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of BESSs whose operations are limited to a xed set of operating points. Therefore,
the wide variations of operating points cannot be tackled with these controllers.
Nonlinear controllers are independent of operating points and thus, overcome
the limitations of linear controllers. In [150, 151], a nonlinear SMC is proposed to
regulate the DC-bus voltage of a DC microgrid by considering bidirectional power
ow. However, the strategy as proposed in [150] only considers the case when the
batteries are supplying power to the load and the implementation of any charging
algorithm is not presented though it is necessary to prolong the lifetime of batter-
ies [152]. Moreover, the overall operational eciency of DC microgrids, in terms of
maintaining dynamic stability, heavily relies on the power management capability
of dierent components which is also not discussed in [152]. In view of these limita-
tions, this thesis proposes a new approach called adaptive backstepping technique
which uses parameter adaptation laws for reducing the model uncertainties arising
due to parametric uncertainties while maintaining a constant DC-bus voltage.
1.5 Motivations for the current research
This thesis involves the design and implementation of nonlinear adaptive and ro-
bust adaptive controllers for power systems with synchronous generators, solar PV
systems, and the combination of all these generators along with BESSs in DC mi-
crogrids. Based on the above discussions, it is clear that there are still scopes and
opportunities to design and implement nonlinear adaptive and robust adaptive con-
trollers to enhance the stability of power systems under large disturbances, improve
the power quality in three-phase grid-connected PV systems while delivering appro-
priate proportions of active and reactive power into the grid under dierent atmo-
spheric conditions, and maintain the dynamic stability analysis of hybrid islanded
DC microgrids with dierent microgrid components. Therefore, the motivations for
the research activities in this thesis can be summarized as follows:
 It is extremely challenging to design controllers for large-scale interconnected
power systems which have the ability to maintain the stable operation under
any operating condition.
 The excitation controller design in the existing literature mainly considers the
one-axis model of synchronous generators though there are few which consider
two-axis model. Thus, it is worth to revisit the excitation controller design
with more accurate models of power systems.
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 The inability of maintaining stable operation of power systems under wide
range of operating conditions with existing linear excitation controllers.
 Capturing nonlinearities along with parametric uncertainties and external dis-
turbances during the controller design process as these will enhance the tran-
sient stability of power systems under large disturbances and changes in oper-
ating conditions.
 Nonlinear control techniques for highly nonlinear power systems allow to op-
erate the system independent of operating points.
 Existing feedback linearizing controllers are very sensitive to the system pa-
rameters as the exact and precise information of the system parameters are
essential in order to obtain the satisfactory performance which lead to poor
robustness for enhancing the transient and dynamic stability of power systems.
 The selection of the time-varying sliding surface and reduction of chattering
eects is being a very challenging task for higher-order models of power sys-
tems, especially in the presence of unmodeled exciter dynamics whenever the
sliding mode control approach is used to design controllers.
 The power system stability margin varies with variations in parameters and
external disturbances and thus, it is crucial to consider these variations during
the design process of controllers.
 The ecient utilization of grid-connected PV systems depends on desired
power transfer capabilities with lower distortions in the grid-current under
any changes in atmospheric conditions for which it is essential to design ro-
bust nonlinear adaptive controllers.
 The nonlinear controller can eectively control the output power of DC micro-
grid components as well as to minimize the mismatch between the generation
and consumptions while maintaining a constant DC-bus voltage to which all
microgrid components are directly or indirectly connected through power elec-
tronic interface converters.
1.6 Contribution of this Thesis
The main goal of this research work is to design ecient nonlinear adaptive and ro-
bust adaptive controllers for excitation systems of synchronous generators in power
systems, VSI-based grid-connected solar PV systems, and the combination of all
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these generators along with energy storage systems (ESSs) in hybrid DC micro-
grids. For these controllers, the main control objective is to maintain the stability
of power systems under any operating conditions while considering the parame-
ters of the system as unknown and there are some external disturbances due to
measurements and inaccuracies within the models. The excitation and steam-valve
controllers are proposed to maintain the transient stability of power systems under
any circumstances, e.g., three-phase short-circuit faults at key locations, changes
in load demands, etc., while the proposed controller for VSIs in grid-connected PV
systems allows to deliver the desired power into the grid with lower distortions in
the grid current. The proposed controller for dierent components in DC microgrids
has the ability to maintain the power balance within the system under any operating
condition. It is worth to note that the proposed control scheme for two power sys-
tem congurations, i.e., traditional power systems with synchronous generators and
modern power systems with grid-connected PV systems considers two approaches:
i) adaptive backstepping controllers which are designed by considering parametric
uncertainties and ii) robust adaptive backstepping controllers which are designed by
considering both parametric uncertainties and external disturbances. The last con-
guration, i.e., DC microgrids include the backstepping approach which is basically
the foundation of the adaptive and robust adaptive backstepping control schemes.
This conguration also considers the adaptive backstepping approach to serve the
similar purpose while estimating unknown parameters through adaptation laws. Fi-
nally, the performance of proposed controllers is evaluated by considering relevant
test system and compared with dierent existing nonlinear and linear controllers.
Based on the above discussion, the major contribution of this research work can be
summarized as follows:
 The design of nonlinear adaptive excitation controllers by considering both
one-axis and two-axis models of synchronous generators in both single machine
innite bus (SMIB) and multimachine power systems to enhance the transient
stability of power systems. The implementation of the designed controller is
carried out for both SMIB and multimachine power systems under dierent
operating conditions except changes in load demands.
 The design of novel coordinated adaptive excitation and steam-valve con-
trollers based on the one-axis model of synchronous generators to improve
the transient stability of power systems (both SMIB and multimachine power
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systems) under dierent operating conditions including the changes in load
demands.
 The design of a robust adaptive excitation controller by considering both one-
axis and two-axis models of synchronous generators in SMIB and multima-
chine power systems to address the eects of parameters variation along with
external disturbances within power system models.
 The design of a nonlinear adaptive controller for VSIs in a three-phase grid-
connected PV system by considering parametric uncertainties while delivering
the desired amount of active and reactive power into the grid with lower to-
tal harmonic distortions (THDs), i.e., distortions in the grid current under
dierent operating conditions.
 The design of a nonlinear robust adaptive controller for VSIs in a three-phase
grid-connected PV system by considering both parametric uncertainties and
external disturbances while delivering the desired amount of active and reactive
power into the grid with lower THDs, i.e., distortions in the grid current under
dierent operating conditions.
 The design of a new direct power control (DPC) scheme using a nonlinear
adaptive backstepping technique to control both active and reactive power
injection into the grid from solar PV systems by considering parametric un-
certainties.
 The design of nonlinear backstepping controllers for dierent components in
hybrid DC microgrids to maintain a constant DC-bus voltage while maintain-
ing the power balance within the microgrid.
 The design of nonlinear adaptive backstepping controllers for dierent com-
ponents in hybrid DC microgrids to achieve robustness against parametric
uncertainties while maintaining the constant DC-bus voltage as well as power
balance within the microgrid.
The eectiveness of the proposed control scheme is veried through simulation
results where the simulations studies are carried out in MATLAB/SIMULINK Sim-
PowerSystems Toolbox under dierent operating conditions. The performances of
the designed control schemes are also compared with dierent existing control ap-
proaches under small and large disturbances such as variations in load demands,
changes in the mechanical power references, and a three-phase short-circuit fault at
dierent locations within the power network.
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1.7 Organization of the Thesis
To achieve the aforesaid objectives, this thesis consists of eight chapters. The chap-
ters of this thesis are organized as follows:
Chapter 1 provides a general background about the subject area along with
an overview of the controller design for dierent power system applications such
as traditional power systems with synchronous generators, modern power systems
with grid-connected PV systems, and DC microgrids. Based on these overviews,
this chapter also includes the main motivations of the current research along with
the main contribution of this thesis.
Chapter 2 presents an overview of the dynamical modeling of dierent com-
ponents in dierent power system applications which are considered in this thesis,
i.e., traditional power systems with synchronous generators, modern power systems
with grid-connected PV systems, and DC microgrids.
Chapter 3 briey provides the design overview of dierent types of nonlinear
backstepping control schemes from the perspective of a generalized nonlinear sys-
tem. These generalized overviews help to get an idea for specic applications in the
remaining chapters of this thesis.
Chapter 4 includes the design of adaptive and robust adaptive backstepping
controllers by considering both one-axis and two-axis models of synchronous gener-
ators in SMIB systems. In this chapter, the performance of the designed excitation
controllers is evaluated on an SMIB system and compared with dierent existing
nonlinear as well as linear excitation controllers under dierent operating condi-
tions.
Chapter 5 concentrates on the design of adaptive and robust adaptive backstep-
ping controllers by considering both one-axis and two-axis models of synchronous
generators in multimachine power systems. In this chapter, the performance of the
designed excitation controllers is evaluated on a large IEEE standard power system,
the New England 10-machine 39-bus power system as well as on a two-area four
machine 11-bus power system. The performance of the designed control scheme
is also compared with dierent existing nonlinear and linear excitation controllers
under dierent operating conditions.
Chapter 6 deals with the design of nonlinear adaptive and robust adaptive
backstepping controllers for three-phase grid-connected solar PV systems to control
the power injection into the grid through the regulation of respective currents. In
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this chapter, the controllers are designed by considering the dynamical models of
grid-connected PV systems both in dq-fame and DPC-fame. The robustness of the
proposed control scheme is ensured by considering both parametric uncertainties and
external disturbances. A three-phase grid-connected VSI-based solar PV system is
used to evaluate the performance of the proposed control schemes under dierent
operating conditions and compared with existing nonlinear controllers.
Chapter 7 presents the design of nonlinear backstepping and adaptive back-
stepping controllers for hybrid DC microgrids to achieve robust performance against
parametric uncertainties while maintaining the constant DC-bus voltage within the
microgrid. The eectiveness of designed controllers is evaluated on a hybrid DC mi-
crogrid under dierent operating conditions and the performance is compared with
dierent nonlinear and linear controllers.
Chapter 8 provides concluding remarks of this research work along with some
recommendations for future research.
Chapter 2
Dynamical Models of Dierent
Components in Power Systems for
Controller Design
The design of any controller depends on the dynamical models of dierent com-
ponents of the system for which the controllers are designed as these dynamical
models collectively represent the characteristics power systems. The performance of
the controller heavily relies on the accuracies of dynamical models based on which
the controllers are designed. Since the focus of this thesis is to design controller for
dierent components in both conventional and modern power systems, the chap-
ter will stress the dynamical modeling of these components. In conventional power
networks, synchronous generators with excitation and turbine governor systems rep-
resent the major part of the system and this chapter includes dierent dynamical
models (i.e., by considering both one- and two-axis models) of synchronous gener-
ators. The proposed controllers in this thesis are designed based on the dynamical
models of grid-connected PV systems in both dq- and DPC-frames and thus, this
chapter includes the dynamical models in both of these frames. The nal part of
this thesis is to design proposed controllers for DC microgrids and for this purpose,
the dynamical models of PV and BESSs are developed in conjunction with DC-DC
converters while the dynamical models of diesel generators are similar to that of
synchronous generators in conventional power systems.
The organization of this chapter is as follows. The dynamical models of syn-
chronous generators in conventional power systems with dierent congurations,
i.e., in SMIB and multimachine power systems, are presented in Section 2.1. The
dynamical models of grid-connected PV systems in dq- and DPC-frames are dis-
cussed in Section 2.2 while Section 2.3 represents the dynamical models of dierent
components, i.e., solar PV and BESSs with DC-DC converters. Finally, Section 2.4
summarizes the content of this chapter.
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2.1 Dynamical Models of Synchronous Generators in
Power Systems
This section aims to provide detailed dynamical models of synchronous generators
in power systems. In power networks, synchronous generators can be connected in
dierent fashions, e.g., a single synchronous generator can supply power to a large
area which is often called a single machine innite bus (SMIB) system and multiple
generators can be connected in a network which is known as a multimachine power
systems. During the dynamical modeling and controller design, it is easy to start
with an SMIB system as this exhibits quite similar characteristics of multimachine
power systems and the analysis of such a system is quite simple. The dynamic
characteristics of synchronous generators are usually represented through a set of
dierential-algebraic equations (DAEs). The excitation and turbine-governor sys-
tems are integral parts of synchronous generators in power systems and thus, it is
essential to consider the dynamics of these systems during the dynamical modeling
of synchronous generators. The following subsections represent dierent dynamical
models of synchronous generators in both SMIB and multimachine power systems
including excitation and turbine-governor systems.
2.1.1 The dynamical model of synchronous generators in an SMIB
system based on one-axis model
The simplest form of the power system representation is the connection of a syn-
chronous generator to an innite bus through transmission lines and transformers as
shown in Fig. 2.1. The corresponding data for the SMIB system in Fig 2.1 has been
shown in Appendix (Chapter 9). From Fig. 2.1, it can be seen that the synchronous
generator is connected to an innite bus through a transmission line. In this thesis,
a third-order model of the synchronous generator is rst used as these types of mod-
els are mostly used for the excitation controller design in power systems [5]. The
rst two equations of the third-order model of a synchronous generator represent
the mechanical dynamics while the last equation represents the electrical dynamics
as represented in the following [5].
Mechanical dynamics of a synchronous generator in an SMIB system:
_ = !   !0
_! =   D
2H
(!   !0) + !0
2H
(Pm   Pe)
(2.1)
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
Figure 2.1. Test system
where  represent the rotor angle of the generator, ! is the running speed of the
generator, !0 is the synchronous speed of the generator which is also the desired
speed, H is the inertia constant, Pm is the mechanical input power to the generator,
D is the damping constant of the generator, and Pe is the active electrical power
delivered by the generator.
The electrical dynamic of a synchronous generator in an SMIB system:
_E 0q =
1
Tdo
(Ef   Eq) (2.2)
whereE 0q is the quadrature-axis transient voltage of the generator, Eq is the quadrature-
axis voltage of the generator, Tdo is the direct-axis open-circuit transient time con-
stant of the generator, and Ef is the equivalent voltage in the excitation coil of the
generator. The steady-state operations are usually dened as the condition when
there are no transients in the system. In this case, the derivative in equations (2.1)
and (2.2) will become zero and these equations will be no longer dynamic equa-
tions rather than just static equations. However, the steady-state characteristics in
power systems are dened by some other sets of algebraic equations as written in
the following [2]:
Eq =
xd
P
x0dPE
0
q   (xd   x0d)Id
Id =
E 0q
x0dP  
Vs
x0dP cos 
Iq =
Vs
x0dP sin 
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Pe =
VsE
0
q
x0dP sin  = E
0
qIq
Qe =
VsE
0
q
x0dP cos   
V 2s
xd
P
Vt =
q
(E 0q   x0dId)2 + (x0dIq)2
where xdP = xd + xT + xL, x0dP = x0d + xT + xL, xd is the direct-axis synchronous
reactance, x0d is that the direct-axis transient reactance, xT is that the reactance
of the transformer, xL is the total reactance of the transmission line, Id and Iq are
direct- and quadrature axis currents of the generator respectively, Vs is the innite
bus voltage, Qe is the generator reactive power supplied to the innite bus, and
Vt is the terminal voltage of the generator. These algebraic equations can be used
with the dierential equations in (2.1) and (2.2) and by doing this, equations (2.1)
and (2.2) can be rewritten as follows:
_ = !   !0
_! =   D
2H
(!   !0) + !0
2H
Pm   !0
2H
E 0qIq
_E 0q =  
1
T 0d
E 0q +
1
Tdo
(xd   x0d)Vs
x0dP cos  +
1
Tdo
Ef
(2.3)
where T 0d =
x0
d
P
xd
PTdo is the time constant of the eld winding. Equation (2.3) repre-
sents the complete dynamical model of an SMIB system. Although the controller
designed based on the dynamical model as represented by equation (2.3) is eective
for ensuring the power system stability with specic limitations, the voltage regu-
lation problem cannot be resolved as the controller will be designed based on the
third-order model of a synchronous generator where the automatic voltage regulator
(AVR) model i.e., the excitation system is completely neglected. But this excitation
system is an integral part of synchronous generator in power systems. Therefore, a
fourth-order dynamical model of synchronous generators which is equipped with an
IEEE type-II excitation system is described in the following subsection to overcome
the above mentioned limitation of a third-order based synchronous generator model.
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2.1.2 The dynamical model of synchronous generators in an SMIB
system based on one-axis model and IEEE Type-II excitation
system
In order to improve the voltage regulation in power systems, it is essential to consider
the dynamic of the excitation system as it is the integral and auxiliary parts of
synchronous generators. Therefore, the dynamical model of synchronous generators
in an SMIB system will include the dynamic of an IEEE Type-II excitation system.
In this case, the third-order dynamical model will become a fourth-order model
where the fourth equation represents the dynamic of an IEEE Type-II excitation
system and the complete dynamical model can be written as follows:
_ = !   !0
_! =   D
2H
(!   !0) + !0
2H
Pm   !0
2H
(E 0qIq + E
0
dId)
_E 0q =  
1
T 0d
E 0q +
1
Tdo
(xd   x0d)Vs
x0dP cos  +
1
Tdo
Ef
_Efd =  Efd
TA
+
KA
TA
(Vref + VC   Vt)
(2.4)
where TA is the time constant of the voltage regulator, KA is the gain of the voltage
regulator, Vref is the reference terminal voltage of the synchronous generator, and
Vc is the control input to the synchronous generator. However, the dynamical model
as described by equation (2.4) is still cannot capture the full dynamic characteristics
of power systems as the dynamic of the direct-axis transient voltage is not captured
through these equations. Thus, the two-axis model of synchronous generators needs
to be considered to capture this dynamics in the SMIB system which is discussed in
the following subsection.
2.1.3 The dynamical model of synchronous generators in an SMIB
system based on two-axis model and IEEE Type-II excitation
system
The dynamics of a synchronous generator can be represented in dierent ways and
the most practical one is the two-axis (higher-order) model. The complete two-axis
dynamical model of the synchronous generator connected to an innite bus with an
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IEEE Type-II excitation system can be written as follows [153]:
_ = !   !0
_! =   D
2H
(!   !0) + !0
2H
Pm   !0
2H
(E 0qIq + E
0
dId)
_E 0q =  
1
T 0d
E 0q +
1
Tdo
(xd   x0d)Vs
x0dP cos  +
1
Tdo
Efd
_E 0d =  
1
T 0q
E 0d +
1
Tqo
(xq   x0q)Iq
_Efd =  Efd
TA
+
KA
TA
(Vref + VC   Vt)
(2.5)
where _E 0d is the damper variable proportional to the d-axis damper ux linkage, T
0
qo
is the q-axis transient open-circuit time constant, xq is the q-axis synchronous reac-
tance, and x0q is the q-axis transient reactance. In this case, the algebraic equations
related to the terminal voltage of the synchronous generator will be dierent from
the two previous models which can be written as follows:
Vd = E
0
d  RsId + x0qIq
Vq = E
0
q  RsIq + x0dId
Vt =
q
V 2d + V
2
q
(2.6)
where Vd is the d-axis terminal voltage, Vq is the q-axis terminal voltage, Rs is the
stator resistance, and Vt is the terminal voltage.
Equations for Id and Iq in terms of E
0
d and E
0
q can be written as follows:
Id =
1
R2e + x
0
q
[x0q(E
0
q   Vx) + (Rs +RL)(E 0d   Vy)]
Iq =
1
R2e + x
0
q
[(Rs +RL)(E
0
q   Vx)  x0d(E 0d   Vy)]
(2.7)
where RL is the resistance of the transmission line, Vx = Vs cos (   ), Vy =
Vs sin ( ), Vs is the innite bus voltage, and  is the angle of the innite bus. In
this case, the active and reactive power delivered by the synchronous generator can
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be written as:
Pe = E
0
qIq + E
0
dId
Qe = E
0
qId   E 0dIq
(2.8)
The dynamical models of the SMIB system can be extended to multimachine power
systems which are discussed in the following subsections.
2.1.4 The dynamical model of synchronous generators in a
multimachine power system based on one-axis model
In a multimachine power system, it can be considered that a number of SMIB
systems are connected together to form a complex power system which is the case
in the reality. If there are N numbers of synchronous generators in a multimachine
power system, the dynamics of ith synchronous generator can be represented exactly
in a similar way to that of an SMIB system, i.e., the synchronous generator in a
multimachine power system can be represented by a third-order model with the rst
two orders as mechanical dynamics while last order as electrical dynamics [3].
Mechanical dynamics of ith synchronous generator in a multimachine power sys-
tem [3]:
_i = !i   !0i
_!i =
Di
2Hi
(!i   !0i) + !0i
2Hi
(Pmi   Pei)
(2.9)
where i = 1; 2; 3;    N , i is the rotor angle of ith synchronous generator, !i
is the rotor speed of ith synchronous generator, !0i is the synchronous speed of
ith synchronous generator, Hi is the inertia constant of i
th synchronous generator,
Pmi is the mechanical power input to i
th synchronous generator, Di is the damping
constant of ith synchronous generator, and Pei is the active power delivered by i
th
synchronous generator.
Electrical dynamics of ith synchronous generator in a multimachine power sys-
tem [3]:
_E 0qi =
1
Tdoi
(Efi   Eqi) (2.10)
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where E 0qi is the quadrature-axis transient voltage of i
th synchronous generator, Eqi
is the quadrature-axis voltage of ith synchronous generator, Tdoi is the direct-axis
open-circuit time constant of ith synchronous generator, and Efi is the equivalent
voltage in the excitation coil of ith synchronous generator.
Similar to the SMIB system, there are some algebraic equations for multimachine
power systems which dene the steady-state characteristics and can be represented
by the following set of algebraic equations:
Eqi = E
0
qi   (xdi   x0di)Idi
Pei = E
0
qiIqi
Qei = E
0
qiIdi
Iqi =
nX
j=1
E 0qj[Bijsin(i   j) +Gijsin(i   j)]
Idi =
nX
j=1
E 0qj[Gijsin(i   j) Bijsin(i   j)]
Vti =
q
(E 0qi   x0diIdi)2 + (x0diIqi)2
(2.11)
where xdi is the direct-axis synchronous reactance of i
th synchronous generator,
x0di is the direct-axis transient reactance of i
th synchronous generator, Gii and Bjj
are the self-conductance and self-susceptance of ith bus respectively, Gij and Bij
are the conductance and susceptance between ith and jth buses respectively, ij =
i  j is the power angle deviation between ith and jth buses, Idi and Iqi are direct-
and quadrature-axis currents of ith synchronous generator, respectively, Qei is the
reactive power generated by ith synchronous generator, and Vti is the terminal voltage
of ith synchronous generator.
These algebraic equations can be used with the dierential equations in (2.9)
and (2.10) and by doing so, equations (2.9) and (2.10) can be written as follows:
_i = !i   !0i
_!i =   Di
2Hi
!i +
!0i
2Hi
Pmi   !0i
2Hi
E 0qiIqi
_E 0qi =  
1
Tdoi
E 0qi +
(xdi   x0di)
Tdoi
Idi +
1
Tdoi
Efdi
(2.12)
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Equation (2.12) represents the complete dynamical model of ith synchronous gener-
ator in a multimachine power system which neglect the eect of sub-transient eects
along with the eects provided by the damper winding. However, the AVR model
is completely neglected in this multimachine power system model. Although the
negligence of the AVR model eects would not aect the overall stability of power
systems, however, it is essential to consider the complete dynamical model to ensure
the voltage regulation and transient stability of power systems.
2.1.5 The dynamical model of synchronous generators in a
multimachine power system based on one-axis model and IEEE
Type-II excitation system
The dynamical model of ith synchronous generator, where an IEEE Type-II exciter
is equipped with the generator, in a multimachine power system with N number of
synchronous generators can be expressed in terms of DAEs as presented in [154,155].
The mechanical dynamics of synchronous generators can be represented through the
following equations [155]:
_i = !i   !0i
_!i =
Di
2Hi
(!i   !0i) + !0i
2Hi
(Pmi   Pei)
(2.13)
Similarly, the electrical dynamics can be represented as follows by considering a
one-axis model of synchronous generators [154]:
_E 0qi =
1
Tdoi
(Efi   Eqi) (2.14)
The dynamic of an IEEE Type-II can be written as follows:
_Efdi =  Efdi
TAi
+
KAi
TAi
(Vrefi + VCi   Vti) (2.15)
Using some of these algebraic relationships in equation (2.11), equations (2.13)-
(2.15) can be rewritten as follows to represent the complete dynamical model of
Section 2.1 Dynamical Models of Synchronous Generators in Power Systems 32
multimachine power systems:
_i = !i   !0i
_!i =   Di
2Hi
(!i   !0i) + !0i
2Hi
(Pmi   E 0qiIqi)
_E 0qi =  
1
Tdoi
E 0qi +
(xdi   x0di)
Tdoi
Idi +
1
Tdoi
Efdi
_Efdi =  Efdi
TAi
+
KAi
TAi
(Vrefi + Vci   Vti)
(2.16)
From the model in equation (2.16), it can be seen that a multimachine power system
is a nonlinear system which can be used to analyze the transient stability of power
systems. Though the excitation controller design based on equation (2.16) has the
ability to ensure the transient stability of power systems under dierent operat-
ing conditions, the unmodeled dynamics often deteriorate the stability margin [42].
Therefore, it is signicantly worth to design excitation controllers by considering
more accurate dynamical models of power systems as these models will facilitate
to preserve the transient stability. Usually, the two-axis model of synchronous gen-
erator represents more accurate characteristics which is discussed in the following
subsection.
2.1.6 The dynamical model of synchronous generators in a
multimachine power system based on two-axis model and IEEE
Type-II excitation system
It has already been mentioned in this chapter that the design of any controller
requires a meaningful model of power systems along with the proper justication.
Therefore, by considering the two-axis model of synchronous generators, an accurate
dynamical model of ith synchronous generator with an IEEE Type-II excitation
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system can be written as follows [42,153]:
_i = !i   !0i
_!i =   Di
2Hi
(!i   !0i) + !0i
2Hi
[Pmi   (E 0qiIqi + E 0diIdi)]
_E 0qi =  
1
Tdoi
E 0qi +
(xdi   x0di)
Tdoi
Idi +
1
Tdoi
Efdi
_E 0di =  
1
Tqoi
E 0di +
(xqi   x0qi)
Tqoi
Iqi
_Efdi =  Efdi
TAi
+
KAi
TAi
(Vrefi + Vci   Vti)
(2.17)
The algebraic equations associated with the dierential equations representing the
dynamics of synchronous generators and excitation systems can be written as fol-
lows [42,153]:
Vdi = E
0
di  RsiIdi + x0qiIqi
Vqi = E
0
qi  RsiIqi + x0diIdi
Vti =
q
V 2di + V
2
qi
Idi =
nX
j=1
Yij[E
0
dj cos(ji + ij)  E 0dj sin(ji + ij)]
Iqi =
nX
j=1
Yij[E
0
qj cos(ji + ij) + E
0
dj sin(ji + ij)]
Pei = E
0
qiIqi + E
0
diIdi
Qei = E
0
qiIdi   E 0diIqi
(2.18)
where Rsi is the stator resistance and rest of symbols carry their usual meanings
which have already been dened in the previous section. From the dynamical model
of multimachine power systems as discussed above, it can be seen that a multima-
chine power system is a nonlinear system which can be used to analyze transient
stability of power systems. The proposed excitation controllers in this thesis will
be designed based on the dynamical of multimachine power systems as discussed
above. Since the turbine-governor system plays a major role to main the stability
of power systems during the changes in load demands, the dynamical modeling of
turbine-governor systems is discussed in the following subsection.
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2.1.7 The dynamical modeling of the turbine-governor system
The turbine-governor dynamics are related to the dynamics of synchronous genera-
tors through mechanical power Pm produced by the turbine. Thus, the mechanical
power input to the synchronous generator is controlled through the steam-valve po-
sition which in turn controls the ow of steam into the turbine. The output signal
of the designed turbine controller is used to control the steam-valve position. As
such, the dynamical model of the turbine-governor system considered in this thesis
can be described through the following equations [156]:
Turbine dynamic:
_Pm =  Pm
TT
+
KT
TT
XE (2.19)
Governor dynamic:
_XE =  XE
TG
+
KG
TG
PC   KG
Rr!0TG
! (2.20)
where XE represents the opening of steam-valve systems, TT is the turbine time
constant, TG is the time constant of the governor, KT is the gain of the turbine,
KG is the gain of the governor, Rr is regulation constant in per unit, and PC is the
input of the power control system.
The turbine-governor dynamics as represented by equations (2.19) and (2.20)
are used to represent for an SMIB system and this can easily be expanded for
the multimachine power system just by simply adding a subscript to represent the
specic generator and written as follows:
Turbine dynamic:
_Pmi =  Pmi
TTi
+
KTi
TTi
XEi (2.21)
Governor dynamic:
_XEi =  XEi
TGi
+
KGi
TGi
PCi   KGi
Ri!0iTGi
! (2.22)
The dynamical models so far discussed in this thesis mainly represent conven-
tional power systems though the standby diesel generators in DC microgrids have
similar characteristics. For this reason, the dynamical model of the diesel generator
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Figure 2.2. Three-phase grid-connected solar PV system
will not be repeated later in this chapter. Since another major focus of this thesis
is to design controllers for grid-connected PV systems, the following section stresses
on the dynamical modeling of grid-connect PV systems along with associated com-
ponents.
2.2 Dynamical Modeling of the VSI Based
Grid-Connected Solar PV System
This section devotes to discuss the dynamical models of grid-connected solar PV sys-
tems which are used to design the proposed controllers in this thesis. The schematic
diagram of a typical three-phase grid-connected solar PV system is shown in Fig. 2.2.
The three-phase grid-connected solar PV system consists of a PV array, a DC-link
capacitor C, a DC-DC boost converter with an input capacitor Cpv, a three-phase
inverter, and a lter inductor L. The lter is connected to the grid where grid volt-
ages for three dierent phases are ea; eb, and ec, respectively. This lter inductor L
is used to reduce the ripples in the output current of the inverter where these ripples
appear due to the switching operation where these switching signals are generated
through the pulse width modulation (PWM) scheme. One of the main control ob-
jectives is to ensure the convergence of the DC-link voltage to a certain voltage
level which is suitable for the VSI as the output voltage of PV arrays uctuate with
changes in atmospheric conditions and the VSI requires a constant voltage at its in-
put to perform the desired operation. Thus, the dynamical model of grid-connected
PV systems should include the dynamic of the DC-link voltage which is the voltage
across the DC-link capacitor. At the same time, the AC power delivered to grid
needs to be controlled through the VSI based on the requirement and usually, this
Section 2.2 Dynamical Modeling of the VSI Based Grid-Connected Solar PV System 36
Ipv +
-
Iph
ID Rsh
Rs
Vpv
Figure 2.3. Equivalent circuit diagram of PV cell
AC power has two components: active and reactive power. The injection of power
from the solar PV unit to the grid can be controlled in two ways: i) by control-
ling the current injection into the grid which also has two components, i.e., active
and reactive and ii) by controlling active and reactive power. The rst approach
basically represents the indirect power control while the second approach is direct
power control. Therefore the dynamical models of grid-connected PV systems need
to be developed by considering these two schemes. Before developing these dynam-
ical models, it is essential to have an idea about the PV array model as this is key
component in grid-connected PV systems. The modeling of PV arrays is discussed
in the following subsection.
2.2.1 Modeling of PV arrays
A PV cell converts solar energy to electricity by means of photoelectric phenomenon
which can be found in certain types of semiconductor materials such as silicon and
selenium. The equivalent circuit diagram of a PV cell is shown in Fig. 2.3 from
where it can be seen that it is a current source in parallel with an ideal p  n diode
and dependent on the solar irradiation and ambient temperature. Moreover, it has a
shunt resistance Rsh and a series resistance Rs. From this model, the diode current
ID can be written by Shockley equation as:
ID = Is(e
(vpv+Rsipv) 1) (2.23)
where  = q
IfkTc
, k = 1.3807  1023J:K 1 is the Boltzman's constant, q = 1.6022 
10 19C is the charge of electron, If is the p   n junction ideality factor, Is is the
saturation current, and vpv is the output voltage of the PV array. By applying the
Kirchhos current law (KCL), the output current of the PV cell can be written as:
ipv = Iph   Is(e((vpv+Rsipv) 1))  vpv +Rsipv
Rsh
(2.24)
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where Iph is the photoelectric current which depends on the solar irradiation and
temperature and it can be represented through the following equation:
Iph =

1000
[Isc +Ki(Tc   Tref )] (2.25)
where Isc is the short-circuit current at the reference temperature Tref , Ki is the
cells short-circuit current coecient, s is the solar irradiation, Tc is the cells working
temperature in Kelvin, and Tref is the cells reference temperature. Again, the cell
saturated current Is varies with the temperature according to the following equation:
Is = Irs(
Tc
Tref
)3e
qEg
Ak
( 1
Tref
  1
Tc
)
(2.26)
As the output voltage and current of a single PV cell is very low, a number of PV
cells are connected in series and parallel to obtain the desired voltage and current
which form a PV array. If a PV array contains Nser series PV cells and Npar parallel
cells, the output current of the PV array ipv (without the loss of generality) can be
written as:
ipv = NparIph  NparIs(e(vpv+Rsipv) 1)   Npar
Rsh
(
vpv
Nser
+
Rsipv
Npar
) (2.27)
Thus, the power generated by the PV array can be written as follows:
Ppv = ppvipv (2.28)
From the current and power equations, it can be seen the PV system exhibits non-
linear characteristics where the nonlinearities are due to the changes in atmospheric
conditions. With this PV array model, the dynamical model of three-phase grid-
connected PV systems by considering the dynamics of the current is discussed in
the following section.
2.2.2 The dynamical model of grid-connected PV systems based on
the dynamics of the current
In this subsection, the dynamical model of a three-phase grid-connected PV system
as shown in Fig. 2.2 is rst developed in the original three-phase abc-frame. In
the stationary abc-frame, the dynamical model of a grid-connected voltage source
inverter (VSI) can be obtained by applying Kirchhos voltage law (KVL) at the
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output loop of the VSI and can be represented through the following dierential
equations [74]:
_ia =  R
L
ia   ea
L
+
vpv
3L
(2Sa   Sb   Sc)
_ib =  R
L
ib   eb
L
+
vpv
3L
( Sa + 2Sb   Sc)
_ic =  R
L
ic   ec
L
+
vpv
3L
( Sa   Sb + 2Sc)
(2.29)
where Sa, Sb, and Sc are the input switching signals which are the original control
inputs of the system. The switches (Sa+ & Sa ) in Fig. 2.2 correspond to Sa.
Similarly, Sb+ & Sb  correspond to Sb while Sc+ & Sc  correspond to Sc. The
dynamical model as represented by equation (2.29) is nonlinear and time-variant
due to the switching terms Sa, Sb, and Sc and the output current Ipv of the PV
array. Moreover, the dynamics represented by equation (2.29) are instantaneous
and time-variant as the expressions for the phase voltages at grid connection point
in equation (2.29) for a balanced three-phase system can be expressed as follows:
ea = Em sin(!t)
eb = Em sin(!t  120o)
ec = Em sin(!t+ 120
o)
where Em is the magnitude of the voltage and ! = 2f is the angular frequency
with f as the electrical frequency. Similarly, the expressions for the phase currents
in equations (2.29) can be expressed as follows:
ia = Im sin(!t)
ib = Im sin(!t  120o)
ic = Im sin(!t+ 120
o)
where Im is the magnitude of the current.
In practice, it is quite complex to design controller based on the instantaneous
and time-variant model. The main reason is that the controller requires to track
three instantaneous references which in turn increases the complexities. On the
other hand, the instantaneous currents and voltages can easily be transformed to
their equivalent DC values in dq-frame which are usually constants and easy to track.
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The Park transformation is used to transform the instantaneous and time-variant
three-phase voltages and currents into their equivalent dq components. Therefore,
the dynamical model needs to be transformed into a synchronous orthogonal frame
which is rotating at the angular frequency (! = 2f) of the power grid [103]. This
dynamical time-variant model can be converted into a time invariant model using dq
transformation. With dq transformation, equations (2.29) can be written as follows:
_Id =  R
L
Id + !Iq   1
L
Ed +
Vdc
L
Sd
_Iq =  R
L
Iq   !Id   1
L
Eq +
Vdc
L
Sq
(2.30)
where Idq = T
dq
abciabc, Edq = T
dq
abceabc, Sdq = T
dq
abcSabc; Id and Iq are d{ and q{axes grid
currents, respectively; Ed and Eq are d{ and q{axes grid voltages, respectively; Sd
and Sq are d{ and q{axes switching control inputs, respectively; and T is the Park
transformation matrix.
T =
r
2
3
264 cos!t cos(!t 
2
3
) cos(!t+ 2
3
)
  sin!t   sin(!t  2
3
)   sin(!t+ 2
3
)
1p
2
1p
2
1p
2
375
with T 1 = T T and T is the orthogonal matrix.
In order to complete the dynamical model, it is essential to obtain the dynamic
characteristics of the DC-link capacitor which can be obtained by applying the KCL
at the node where the capacitor is connected and can be written as follows:
C
dVdc
dt
= ipv   idc (2.31)
where Vdc is the DC-link voltage, ipv is the output current of the solar PV array, and
idc is the input current to the inverter. Since the aim is to control the amount of
active power injected into the grid, it is essential to simplify equation (2.31) based
on the active power balance between DC and AC sides. The active power for the
DC-side (Pdc) can be written as follows:
Pdc = Vdcidc (2.32)
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while the same for the AC side (Pac) can be written as:
Pac =
3
2
(EdId + EqIq) (2.33)
The reactive power delivered to the grid can be written as follows:
Qac =
3
2
(EdIq   EqId) (2.34)
During the steady-state operation, the power exchange between DC- and AC-side
will be equal to each other if it is assumed that the losses, due to switching actions of
the inverter, are negligible. Thus, the following relationship can be obtained based
on the active power balance between DC- and AC-side:
Pdc = Pac (2.35)
Using equations (2.32){(2.35), equation (2.31) can be rewritten as follows:
dVdc
dt
=
1
C
[ipv   3(EdId + EqIq)
2Vdc
] (2.36)
When the synchronously rotating dq-frame is aligned with the grid voltage at the
steady-state condition, the q-axis component of the grid voltage will be zero, i.e.,
Eq = 0. In this condition, the active and reactive power delivered to the grid can
be written as follows:
Pac =
3
2
EdId
Qac =
3
2
EdIq
(2.37)
From equation (2.37), it can be seen that active power can be controlled just by con-
trolling the d-axis current while the reactive power can be controlled by controlling
the q-axis current. Finally, equations (2.30) and (2.36) can further be simplied as
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follows:
_Vdc =
ipv
C
  3
2CVdc
EdId
_Id =  R
L
Id + !Iq   1
L
Ed +
Vdc
L
Sd
_Iq =  R
L
Iq   !Id   1
L
Eq +
Vdc
L
Sq
(2.38)
From the rst equation of (2.38), it can be seen that the DC-link voltage can be
regulated by controlling the d-axis current (Id) while the two current components
can be regulated by controlling the switches which can also be seen from the last
two equations of (2.38). Thus, the complete dynamical model of three-phase grid-
connected systems for controlling active and reactive power can be represented by
equation (2.38) and the proposed controller will be designed based on this model.
As this thesis also focuses to design a new direct power control (DPC scheme to
perform similar activities in grid-connected PV systems, i.e., to control both active
and reactive power injection into the grid from a solar PV unit. For this purpose, it
is essential to represent the dynamical model of grid-connected PV systems based
on the dynamics of power which is discussed in the following subsection.
2.2.3 The dynamical model of grid-connected PV systems based on
the dynamics of the power
In this subsection, the dynamical model of a grid-connected solar PV system is
developed based on the dynamics of active and reactive power rather than the dy-
namics of the current in dq-frame though the development of this model started
with these dynamics. The dynamics of the current injected into the utility grid as
discussed in the above subsection can be rewritten as follows:
L
dId
dt
=  RId + !LIq + Vid   Vgd
L
dIq
dt
=  RIq   !LId + Viq   Vgq
(2.39)
For a balanced three-phase grid-connected system, the following equations can al-
ways be used to describe the grid voltage:
Vgd = V sin!t
Vgq =  V cos!t
(2.40)
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The dynamics of grid voltages in the dq-frame can be expressed as follows:
dVgd
dt
=  !Vgq
dVgq
dt
= !Vgd
(2.41)
In a synchronously rotating dq-reference frame, the active and reactive power injec-
tion from a three-phase grid-connected VSI into the utility grid can be presented
through the following equations:
Pg =
3
2
(VgdId + VgqIq)
Qg =
3
2
(VgdId   VgqIq)
(2.42)
As the focus is on the direct control of active and reactive power injection into the
grid under a variety of operating points, the dynamical model is directly developed
based on the dynamics of active and reactive power. This can be done by taking
the derivative of equation (2.42) which leads to the dynamics of active and reactive
power as follows:
dPg
dt
=
3
2
dVgd
dt
Id +
3
2
dId
dt
Vgd +
3
2
dVgq
dt
Iq +
3
2
dIq
dt
Vgq
dQg
dt
=
3
2
dVgd
dt
Id +
3
2
dId
dt
Vgd   3
2
dVgq
dt
Iq   3
2
dIq
dt
Vgq
(2.43)
Combining equations (2.39){(2.41), equation (2.43) will yield
dPg
dt
=  R
L
Pg   !Qg + 3
2L
[VgdVdcSd + VgdVgq   V 2gdq]
dQg
dt
=  R
L
Qg + !Pg +
3
2L
(VgdVdcSq   VgdVgq)
(2.44)
where Vid = VdcSd and Viq = VdcSq. The voltage across the DC-link capacitor (i.e.,
DC-link voltage) needs to be maintained at a desired level through the maximum
power point tracker for tracking the maximum power. Thus, the dynamic of this DC-
link voltage needs to be obtained in order to ensure the desired tracking performance.
The concept of power balance at the connection point (i.e., node) of the DC-link
capacitor is used to obtain the dynamic of the DC-link voltage which can be written
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as follows:
_Vdc =
1
CVdc
(Ppv   Pdc) (2.45)
As mentioned in the previous subsection, during the steady-state operation of a
three-phase grid-connected solar PV system, the input DC power to the inverter
equals to the output AC power if it is assumed that the switching losses in the
inverter are negligible and thus, it can be written as follows:
Pdc = Pg (2.46)
Using equation (2.46), equation (2.45) can be rewritten as:
_Vdc =
1
CVdc
(Ppv   Pg) (2.47)
Hence, the complete dynamical model of a grid-connected PV system based on
the dynamics of the power can be obtained by putting equations (2.44) and (2.47)
together which can nally be written in the following form:
dVdc
dt
=
1
CVdc
(Ppv   Pg)
dPg
dt
=  R
L
Pg   !Qg + 3
2L
[VgdVdcSd + VgdVgq   V 2gdq]
dQg
dt
=  R
L
Qg + !Pg +
3
2L
(VgdVdcSq   VgdVgq)
(2.48)
If it is assumed that the d-axis of rotating dq- reference frame is aligned with the
utility grid voltage vector, it diminishes the q-axis component of the utility grid
voltage, i.e., Vgq = 0 and the d-axis component can also be written as follows:
Vgd = Ed (2.49)
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As a consequence, equation (2.48) can be further simplied as follows:
dVdc
dt
=
1
CVdc
(Ppv   Pg)
dPg
dt
=  R
L
Pg   !Qg + 3
2L
(EdVdcSd   E2d)
dQg
dt
=  R
L
Qg + !Pg +
3
2L
EdVdcSq
(2.50)
Equation (2.50) represents the complete dynamical model of a DPC-based three-
phase grid-connected solar PV system and the proposed controller will be designed
based on this model.
The last contribution of this thesis is to design the proposed nonlinear controllers
for DC microgrids to maintain the voltage stability and power balance within the
microgrid. In order to design the proposed controllers for each component in a
DC microgrid, it is essential to know the corresponding dynamical model and the
dynamical models of dierent components in DC microgrids are discussed in the
following section.
2.3 The Dynamical Models of Dierent Components in
DC Microgrids
Power electronic interfaces play a key role in the operation of DC microgrids as these
make a link among the common DC-bus, battery energy storage systems (BESSs),
and power generation units. The output power of power generation units and BESSs
needs to be controlled by controlling the power electronic interfaces in order to main-
tain a constant voltage at the DC-bus. This section is aimed to present the dynam-
ical models of the solar PV system with a DC-DC boost converter and the same for
the BESS with a bidirectional DC-DC converter as these converters interface these
components with the common DC-bus in a microgrid.
2.3.1 The dynamical model of solar PV systems with DC{DC boost
converters
In this subsection, a single diode-based model of the PV cell is used to develop the
dynamical model of the solar PV system. A number of single diode-based PV cells
are connected in series and parallel combinations to form the PV array as the output
voltage of a single PV cell is very small [74]. Since the output power of the solar
PV unit is usually less than the common DC-bus voltage, a DC-DC boost converter
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Figure 2.4. Equivalent circuit of DC-DC boost converter for the solar PV system
is used to match the output voltage of the solar PV unit with the common DC-bus
voltage [142]. The equivalent circuit of a solar PV system along with a DC-DC boost
converter is shown in Fig. 2.4. According to Fig. 2.4, it very common to use general
circuit theories (Kirchhos Voltage and Current Laws) to develop the dynamical
model of the solar PV system connected to the common DC-bus through a DC-
DC boost converter and this model can be described by the following dierential
equations [123,142]:
_Vpv =
1
Cpv
(ipv   iL)
_iL =
1
L
[ RiL + Vpv   (1  )Vdc]
_Vdc =
1
Cdc
(1  )iL   1
Cdc
i0
(2.51)
where Vpv is the output voltage of the solar PV unit, Cpv is the ltering capacitor of
the solar PV unit, ipv is the output current of the solar PV unit, iL is the inductor
current, R is the resistor, Vdc is the DC-link voltage, Cdc is the DC-link capacitor,
i0 is the output current of the converter, and  is the control input of the DC-DC
boost converter.
2.3.2 The dynamical model of BESSs with bidirectional DC-DC
converters
The DC-DC converter used with the BESS is dierent from the one which is used
with solar PV systems. This DC-DC converter has bidirectional power ow capa-
bility as the battery needs to be charged or discharged. Therefore, the proposed
controller should have the capability to control the power ow in both directions.
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Figure 2.5. BESS with a bidirectional DC{DC converter
However, this requires a dynamical model of the BESS and the equivalent circuit
diagram of a BESS along with a bidirectional DC-DC converter, to develop the dy-
namical model, is shown in Fig. 2.5. From Fig. 2.5, the dynamical model can be
described by the following dierential equations [142]:
_Vcb =
1
Ccb
(ib   Vcb
Rb
)
_ib =
1
Lb
[ (RL +Rsb)ib + (1  u)Vdc   Vcb + Eg]
_Vdc =
1
Cdc
[(1  u)ib   i0]
(2.52)
where Vcb is the voltage across the battery capacitor, Cb is the capacitor of the
battery, ib is the battery current, Rb is the battery resistance, RL battery series
resistor, Lb is the battery inductor, Eg is the voltage source of the battery, and 
is the control input of the bidirectional DC-DC converter. The output of BESSs
should be controlled based on the operating modes (charging or discharging).
2.4 Chapter Summary
The chapter provides a comprehensive idea about dierent components in dier-
ent power system applications which include conventional power systems with syn-
chronous generators, modern power grids with solar PV systems, and DC microgrids
with dierent components. All these dynamical models clearly show that there are
some nonlinearities within the dynamical models. As the control actions rely on
the model, nonlinear controllers for nonlinear models of power system will provide
the best performance to tackle the nonlinearities and maintain the stable operation
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of the whole system under dierent operating conditions. In this thesis, dierent
forms of backstepping controllers are used for dierent applications to design con-
troller for all these applications where these controllers are designed based on these
models. The next chapter includes a generalized overview of dierent forms of pro-
posed backstepping controllers where a generalized nonlinear system is used for this
purpose.
Chapter 3
Overview of the Proposed Nonlinear
Backstepping Controller Design
This chapter aims to provide a brief and general overview of dierent forms of
nonlinear recursive backstepping controllers design based on the Lyapunov theory
for a generalized nonlinear system. At the beginning, the generalized overview of
the proposed backstepping control scheme is provided where the parameters of the
system need to be known and the eects of external disturbances are neglected. An
advanced backstepping scheme which is known as adaptive backstepping controller
is then proposed for a generalized nonlinear systems where some parameters of the
system are considered as unknown and adaptation laws are used to estimate these
unknown parameters. However, the adaptive backstepping control scheme is unable
to maintain the stability where the external disturbances or measurement noises
have signicant impacts on the stability of the system. Finally, a robust adaptive
backstepping control scheme is proposed which provides robustness against both
parametric uncertainties and external disturbances or measurement noises. This
chapter focuses to provide a generalized overview of all these proposed backstepping
controllers.
3.1 Introduction
Traditionally, due to the simplicity of linear controllers, these controllers are widely
used in several applications including nonlinear power systems. Conventional pro-
portional integral (PI) controllers have widely been used in many industrial ap-
plications to achieve the desired control objectives [99, 157]. The theoretical as-
pects of dierent linear controllers based on linear quadratic regulator (LQR) ap-
proaches [21, 158], linear quadratic Gaussian (LQG) techniques [159], and dierent
forms of H1 [160,161], etc. are well-developed and to some extent have been imple-
mented in dierent applications which extensively include power systems and power
electronics. All these linear controllers are designed based on the linearized model
of nonlinear systems where the linearization is usually done around an equilibrium
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point of the system using the Taylor series expansion method. Therefore, the op-
erations of these linear controllers are limited to a specic set of operating points
within the vicinity of the equilibrium point and the variation of operating points
within such a small range occurs only due to small disturbances [21]. However, the
deviations in equilibrium points are large when there are severe disturbances within
the system. In such cases, the linear controllers are not capable to preserve the
overall stability of systems.
Nonlinear controllers which are designed based on the nonlinear dynamical model
of the system have the ability to maintain the stable operation of the system over
a wide range of operating points under severe disturbances [31]. Since the original
nonlinear models are considered to design the nonlinear controllers, these controllers
are independent of operating points [30, 162]. Dierent types of nonlinear control
approaches such as the sliding mode control (SMC) scheme [33], model predictive
control (MPC) scheme [163], adaptive backstepping control technique [164] [12],
feedback linearization control scheme [42] [13], etc., are employed to design nonlinear
controllers. Though most of these approaches are theoretically matured, only few
techniques are applied on real-world systems due to complexities associated with
these methods. In this chapter, the limitations of dierent nonlinear controllers are
briey discussed in the following with regards to the application point of view.
Feedback linearization control scheme is a straightforward way which transforms
a nonlinear system into a linear system so that any linear control technique can
be employed [2]. There are three dierent types of feedback linearization control
schemes such as exact feedback linearization [34], partial feedback linearization [3],
and direct feedback linearization [165] are available in the literature. Both exact
and partial feedback linearization approaches use the concept of nonlinear coordi-
nate transformations to linearize the nonlinear system into a linear system which
are used in many applications [3, 165]. The direct feedback linearization technique
uses the state transformation to linearize a nonlinear system which is mainly used
in power systems [39, 165]. Most of these feedback linearization techniques use ei-
ther PI or LQR controllers as linear controllers for the feedback linearized systems.
Though these feedback linearization schemes are straightforward for the purpose
of design and implementation, the performances of these controllers are very sen-
sitive to parameters of the system, i.e., these approaches require exact parametric
information of the nonlinear system which are very dicult in practice.
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The nonlinear SMC schemes are used in dierent applications including power
systems [73], mechatronics systems [166], etc. The main advantages of the SMC
approaches are that these controllers are robust against external disturbances and
parametric uncertainties. However, the operation of these controllers is conned
to the sliding surface and the performance is aected by the so-called chattering
phenomenon. The nonlinear model predictive controllers are useful to ensure the
stability of nonlinear systems [101]. But these techniques require the optimization
of a nonlinear objective function which is quite complicated for large-scale systems
and also highly sensitive to the variations of systems parameters as well as exter-
nal disturbances. In such cases, the nonlinear adaptive backstepping approaches
have extensively been used in dierent applications which allow to consider some
parameters within the system as unknown while estimating these unknown param-
eters [50, 54]. Therefore, it is essential to design a nonlinear controller whose im-
plementation is quite straightforward as well as provides some robustness against
parametric uncertainties, external disturbances, and measurement noises.
The organization of this chapter is as follows. Section 3.2 provides an overview of
the backstepping control scheme while Section 3.3 is aimed to provide an overview of
the adaptive backstepping control scheme where parametric uncertainties are con-
sidered within the nonlinear system. Section 3.4 provides a general overview of
a robust adaptive backstepping control scheme where both parametric uncertain-
ties and external disturbances are taken into account within the nonlinear system.
Finally, the content of the whole chapter is summarized in Section 3.5.
3.2 Overview of the Backstepping Controller Design Based
on the Nominal Nonlinear System
The backstepping control scheme is a Lyapunov-based recursive design procedure
for nonlinear systems. In this section, an overview is presented for the backstepping
control scheme based on the nominal model of a nonlinear system.
The generalized form of a nonlinear system can be written as follows:
_x = fn(x) + g(x)uc (3.1)
where x is the state of the system which represents dierent physical properties of
the system (e.g., voltages and currents), fn and g are the nonlinear functions with
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g 6= 0 which represent both physical properties and parameters of the system, and uc
is the control signal. The control objective is to make x to follow the corresponding
desired trajectory xd by designing the control input uc. In order to nd uc, using
the recursive backstepping control scheme, the tracking error needs to be dened as
follows:
z = x  xd (3.2)
Using equation (3.1), the derivative of z can be written as follows:
_z = fn(x) + g(x)uc   _xd (3.3)
In this step, the actual control input uc appears and this control input needs to be
designed in such a way that the error z converges to zero as t ! 1. A control
Lyapunov function (CLF) can be selected as follows to nd the control signal uc
which makes z  0.
W =
1
2
z2 (3.4)
Using equation (3.3), the derivative ofW in equation (3.4) can be written as follows:
_W = z(fn(x) + g(x)uc   _xd) (3.5)
The control signal uc will ensure the stability if _W  0 i.e., negative semi-denite.
To make _W  0, the original control signal uc can be selected as follows:
uc =   1
g(x)
(fn(x)  _xd + z) (3.6)
where  is a positive constant which is used to tune the output response of the
system. The selection of  solely depends on the designer and its value is usually
chosen based on the characteristics of the system. With this control signal uc,
equation (3.5) can be simplied as follows:
_W =  z2  0 (3.7)
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which is negative semi-denite and thus, it indicates that the stability of the nonlin-
ear system in equation (3.1) with the control signal uc in equation (3.6). The whole
design procedure can be summarized as follows:
 Calculation of errors for each control objective or state variable.
 Calculation of error dynamics.
 Calculation of CLFs and their derivatives based on the errors.
 Repetition of the rst three-steps until the control laws appear.
 Calculation of the control laws to stabilize the error dynamics at the nal step.
 Check the stability of the whole system with the derived control laws.
In this thesis, the proposed backstepping control scheme is to design controllers
for dierent components in DC microgrids. From the above design procedure, it can
be seen that the nominal model of the generalized form of a nonlinear system does
not consider any parametric uncertainties, external disturbances, and external noise.
However, in practice, the uncertainties in the parameters of system models and ex-
ternal disturbances within the system are unavoidable. Moreover, the plant obtained
through the mathematical model is always dierent from the actual plant which is in
operation. Thus, there are some mismatches between the modeling and actual sys-
tems. The controller should have the ability to provide robust performance against
the model uncertainties and parametric uncertainties. In this situation, the adaptive
control scheme is a straightforward and eective way to design a nonlinear controller
as this allows to consider the systems parameters as completely unknown and then
these parameters can be dynamically estimated through adaptation laws [47, 54].
The following section presents an overview for designing an adaptive backstepping
controller for a nonlinear system.
3.3 Overview of the Adaptive Backstepping Controller
Design with Parametric Uncertainties
This section focuses on the design of a nonlinear adaptive backstepping controller
to obtain the control input for the generalized nonlinear system with parametric
uncertainties. Thus, it is essential to rewrite the nominal model of the generalized
nonlinear system in order to incorporate parametric uncertainties and with these
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parametric uncertainties, the generalized nonlinear system can be written as follows:
_x = fn(x) + g(x)uc (3.8)
where  is the vector of unknown parameters and rest of the variables have their
usual meanings dened earlier in this chapter. Here, the control objective is also
the same as discussed earlier, i.e., x to follow the desired trajectory xd. To achieve
this objective, using the recursive backstepping control scheme, the tracking error
can be dened as follows in order to nd uc:
z = x  xd (3.9)
Using equation (3.8), the derivative of z can be represented by equation (3.10)
_z = fn(x) + g(x)uc   _xd (3.10)
Since  is unknown, an adaptation law needs to be designed to obtain an estimate
of . Therefore, it is essential to dene the parameter  in term of its estimated
value ^. Now, the estimation error of parameter  can be dened as ~ =    ^. In
term of estimation error, equation (3.10) can be rewritten as follows:
_z = fn(x)(^ + ~) + g(x)uc   _xd (3.11)
In this step, the actual control input uc appears and this control input needs to be
designed in such a way that the error z converges to zero as t!1. At this point, it
is essential to formulate a CLF to obtain the control input uc which can be written
as follows:
W =
1
2
z2 +
1
2
~2 (3.12)
where  is the adaptation gain. Using the value _z from equation (3.11), the derivative
of W can be written as follows:
_W = z(fn(x)^ + g(x)uc   _xd)  1

~(
_^
   zfn(x)) (3.13)
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In order to eliminate the inuence of ~ in equation (3.13), the adaptation law to
estimate  can be designed as follows:
_^
 = zfn(x)) (3.14)
Substituting equation (3.14) into equation (3.13) yields
_W = z(fn(x)^ + g(x)uc   _xd) (3.15)
To ensure the stability of the system as described by equation (3.10), the derivative
of W should be negative semi-denite or denite which can be achieved by choosing
the following control law:
uc =   1
g(x)
(fn(x)^   _xd + z) (3.16)
where  is a positive constant which is used to tune the output response. The
selection of  solely depends on the designer and its value is usually chosen based
on the characteristics of the system. With this control input equation (3.15) can be
simplied as follows:
_W =  z2  0 (3.17)
which is negative semi-denite and indicates the stability of the nonlinear system in
equation (3.8). The whole design procedure can be summarized as follows:
 Calculation errors for each control objectives or state variable.
 Calculation of error dynamics.
 Calculation of unknown parameter estimation errors.
 Calculation of CLFs and their derivatives based on the errors.
 Repetition of the rst four-steps until the control laws appear.
 Calculation of the parameter adaptation laws to estimate the unknown pa-
rameters.
 Calculation of the control laws to stabilize the error dynamics at the nal
steps.
 Check the stability of whole systems with the derived control laws.
Section 3.4 Overview of the Robust Adaptive Backstepping Controller Design with
Parametric Uncertainties and External Disturbances 55
In this thesis, the proposed adaptive backstepping control scheme is applied
for all power system congurations, i.e., for conventional power systems with syn-
chronous generators, modern power systems with grid-connected PV systems, and
DC microgrids. However, the eects of external disturbances or measurement noises
are not captured in the adaptive backstepping approach though these may appear
within the system in dierent ways. These external disturbances aect the control
action which in turn aect the performance of the system. In addition, measurement
noises appear at the output of the system which is then fed back into the system as
the controller uses the output as feedback. Thus, it is really hard to avoid these ex-
ternal disturbances and measurement noises. Therefore, the controller should have
the capability to provide robustness against these factors. To achieve such an objec-
tive, a robust adaptive backstepping control scheme is very eective as it can bound
the external disturbances or measurement noises while estimating the unknown pa-
rameters through adaptation laws. A generalized overview of the robust adaptive
backstepping control scheme is presented in the following section.
3.4 Overview of the Robust Adaptive Backstepping
Controller Design with Parametric Uncertainties and
External Disturbances
This section focuses on the design of a robust adaptive backstepping controller to
obtain the control input for a nonlinear system by considering both parametric un-
certainties and external disturbances within the system. By considering the eects
of parametric uncertainties and external disturbances, the generalized nonlinear sys-
tem can be written as follows:
_x = fn(x) + g(x)uc +  (3.18)
where  is the vector of external disturbances, and rest of the variables have their
usual meanings which have been dened earlier in this chapter. The main control
objective is to make x to follow the desired trajectory xd by designing the control
input uc while estimating the unknown parameters through adaptation laws and
considering the eect of external disturbances. The proposed robust adaptive back-
stepping scheme should to ensure the proper tracking of all state variables. As a
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part of doing this, the tracking error can be dened as follows:
z = x  xd (3.19)
The dynamic of z, using equation (3.18) can be written as follows:
_z = fn(x) + g(x)uc +   _xd (3.20)
In terms of estimation errors, equation (3.20) can be rewritten as:
_z = fn(x)(^ + ~) + g(x)uc +   _xd (3.21)
From equation (3.21), it can be seen that the actual control input uc appears at this
step and this control input will be designed in such a way that the tracking error z
tend to zero as t!1. At this point, to obtain the control input uc, a CLF can be
written as follows:
W =
1
2
z2 +
1
2
~2 (3.22)
The derivative of W , using equation (3.21), can be written as follows:
_W = z(fn(x)^ + g(x)uc +   _xd)  1

~(
_^
   zfn(x)) (3.23)
The inuence of ~ in equation (3.23) can be eliminated by designing the following
parameter adaptation laws:
_^
 = zfn(x)) (3.24)
Inserting equation (3.24) into equation (3.23) yields
_W = z(fn(x)^ + g(x)uc +   _xd) (3.25)
At this stage, the original control input uc needs to be selected in such a way that
_W should be negative semi-denite or denite to make the system stable. To do
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this, the control input can be chosen as follows:
uc =   1
g(x)
(fn(x)^   _xd + z + FBsgn(z)) (3.26)
where sgn is the signum function which can be written as follows:
sgn(z) =
8>>><>>>:
+1 if z > 0
0 if z = 0
 1 if z < 0
(3.27)
Substituting equation (3.26) into equation (3.25) yields
_W =  z2 + z(  FBsgn(z))  0 (3.28)
Equation (3.28) will be negative semi-denite if external disturbances satisfy the
following condition:
jj  FB (3.29)
where FB is a known positive constant. The design procedure can be summarized
as follows:
 Calculation of errors for each control objectives or state variable.
 Calculation of error dynamics.
 Calculation of unknown parameter estimation errors.
 Calculation of CLFs and their derivatives based on the errors.
 Repetition of the rst four-steps until the control laws appear.
 Calculation of the parameter adaptation laws to estimate the unknown pa-
rameters.
 Calculation of the control laws to stabilize the error dynamics at the nal
steps.
 Bound the unknown external disturbances with known positive constants.
 Check the stability of whole system with the derived control laws.
In this thesis, this robust adaptive backstepping approach is used for conventional
power systems with synchronous generators and modern power systems with solar
Section 3.5 Chapter Summary 58
PV systems, i.e., grid-connected solar PV systems.
3.5 Chapter Summary
The generalized design overview of dierent nonlinear recursive backstepping control
schemes is provided in this chapter. This chapter clearly shows that the design pro-
cedure of the nonlinear backstepping control scheme is quite straightforward with
the nominal values of the system parameters, i.e., when the parametric uncertain-
ties or external disturbances are absent within the system. But when parametric
uncertainties are considered, i.e., parameters are not exactly or precisely known,
adaptation laws can be used to dynamically estimate the unknown parameters of
the system. The robust adaptive backstepping approach tackles both parametric
uncertainties and external disturbances as the adaptation laws estimate unknown
parameters while bounding the unknown external disturbances with known positive
constants. All these schemes have been used in dierent applications in the remain-
ing parts of the thesis. The next chapter will present the application of adaptive
and robust adaptive backstepping control schemes for conventional power networks
with synchronous generators where the generator is connected to an innite bus.
Chapter 4
Nonlinear Adaptive and Robust Adaptive
Backstepping Controllers Design for an
SMIB System
This chapter aims to design adaptive and robust adaptive backstepping controllers
design for a single machine innite bus (SMIB) system. The proposed adaptive and
robust adaptive backstepping control schemes are implemented on dierent dynam-
ical models of an SMIB system as presented earlier in this thesis. The adaptive and
robust adaptive backstepping excitation controllers are rst designed based on the
classical one-axis, i.e., third-order model of the synchronous generator in an SMIB
system. The similar control schemes are repeated for the SMIB system which in-
cludes two-axis model of the synchronous generator along with the dynamic of an
IEEE Type-II excitation system. Finally, a coordinated adaptive backstepping con-
trol scheme is proposed which makes the oordinatation between the excitation and
steam-valve controllers where the dynamics of the synchronous generator is repre-
sented through the classical model. The control problems for adaptive backstepping
excitation controllers are formulated by considering the critical parameters (which
are mostly the parameters of the synchronous generator) of the SMIB system while
the control problems of the robust adaptive backstepping excitation controllers are
formulated by considering external disturbances or measurement noises in addition
to parametric uncertainties. The parameters of the turbine-governor system are
considered as unknown during the design of the steam-valve controller for the coor-
dinated adaptive backstepping controller. The performances of all these controllers
are then evaluated on an SMIB system under dierent operating conditions (e.g.,
three-phase short-circuit faults at the terminal of the synchronous generator, tempo-
rary tripping of one of the two parallel transmission lines, three-phase short-circuit
faults at the middle of the transmission line, changes in the mechanical power input
to the synchronous generator) and compared with existing controllers in the similar
frame.
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4.1 Introduction
Though the power system is a complicated system, an SMIB system is widely used to
clearly understand the fundamental concepts of power systems stability and control
whose structures are continuously changing under dierent eects such as short-
circuit faults on dierent parts of the network, changes in the output power of the
generator, etc. Due to these changing characteristics, the stability margin of power
systems deteriorates. In conventional power networks, the stability of power systems
is dominated by the characteristics of synchronous generators as these generators are
the primary means of meeting the consumers load demand. The excitation system
of synchronous generators has the capability to maintain the transient stability
of power systems during the changes in operating conditions [5, 167, 168]. Since
this chapter mainly focuses on the nonlinear excitation controller design for an
SMIB system, the main emphasis is put on the existing nonlinear controllers for
conventional power systems where a single generator is connected to an innite bus.
Power system stabilizers (PSSs) are commonly used terms for excitation controls
in power systems which have widely been adopted by power industries all over the
world [14]. Though PSSs are eective to enhance the stability margin of power sys-
tems, these PSSs are not capable to provide adequate damping when power systems
are subjected large disturbances, e.g., three-phase short-circuit faults, large changes
in load demands, etc. The main reason behind this is that the traditional PSSs
are designed based on the linearized model of power systems. Based on the similar
concept to that of PSSs, there are several advanced linear excitation controllers are
proposed in [169{172]. However, the main limitation of these linear controllers is
that their operating regions cannot be expanded far away from the equilibrium point
for which these are designed.
Nonlinear control schemes for the excitation system of power systems lead to
a number of successful stories for the expansion of operating regions when power
systems are subjected to severe disturbances. Most of these nonlinear excitation
controllers are independent of operating points as these controllers are designed
based on the nonlinear dynamical models of power systems and thus, enhance the
overall stability margin [73, 173{177]. Feedback linearization techniques are the
mostly used approaches to design nonlinear excitation controllers for power systems.
In feedback linearization schemes, the nonlinear coordinate transformation is used
to linearize the nonlinear system into a linear system and sometime, several linear
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subsystems. Since the nonlinear coordinate transformation cancels nonlinearities
to linearize the nonlinear system, the linearized system obtained from the feedback
linearization scheme is independent of operating points. In [2], a nonlinear excitation
controller is designed for a full-scale SMIB system by considering the classical model
of the synchronous generator. A similar excitation control scheme based on the
feedback linearization technique is proposed in [178] which considers an SMIB system
with dynamic loads. In [2, 178], the exact feedback linearization technique is used
to design an excitation controller as this approach is straightforward and does not
require additional requirements for analyzing the stability. The direct feedback
linearization (DFL) technique, which is another form of the feedback linearization,
is proposed in [175] to design the excitation controller for an SMIB system in order to
enhance the transient stability. Both exact and direct feedback linearizing excitation
controllers used in [2, 175, 178] the rotor angle of the synchronous generator as the
output function and these controllers use this rotor angle as the feedback variable.
In practice, the rotor angle of the synchronous generator is not available from the
direct measurement.
The problem of the rotor angle measurements in the exact and direct feedback
linearizing excitation controllers can be overcome by either using observer-based ex-
citation controllers as these will use the estimated states or somehow avoiding the
appearance of the rotor angle as the feedback variable in the designed control law.
An observer-based excitation controller is proposed in [179] for an SMIB system
where the excitation controller uses the estimated rotor angle. However, the design
of such an observer-based excitation controller requires additional eorts. Such a
problem can easily be avoided if the speed or speed deviation of the SMIB system
used as the output function instead of the rotor angle. In this case, the SMIB system
will be no more exactly linearized rather partially linearized and the partial feedback
linearization technique needs to be used to design excitation controllers. A partial
feedback linearization excitation controller, which is also known as zero dynamic
excitation controller, is proposed in [180] for an SMIB system. The partial feedback
linearizing excitation controller in [180] provides more damping than the exact and
direct feedback linearizing excitation controllers as it uses the speed as the feedback
which is the derivative of the rotor angle. However, the partial feedback lineariza-
tion requires an additional step where it is essential to analyze the stability of the
remaining dynamics which are not transformed through the feedback linearization
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process. The design of such partial feedback linearizing excitation controllers is not
possible if these remaining are not stable or have some eects on the overall stabil-
ity of the system. Another common problem with all feedback linearizing excitation
controllers is the requirement of the exact parametric information which is quite
impossible in practice. Though some results are obtained in [181] to analyze the
robustness of the exact feedback linearizing excitation controller for the SMIB sys-
tem against parametric uncertainties, there are still some limitations as this requires
the satisfaction of the matching condition. Similar to that of feedback linearizing
excitation controllers, the nonlinear model predictive control scheme is extensively
used to design excitation controllers for the SMIB system [176, 182{184]. However,
the model predictive excitation control scheme requires to solve computationally
expensive optimization problems and its performance relies on the accuracy of pa-
rameters in the SMIB system. Therefore, it is worth to investigate some alternative
nonlinear control schemes which oer robustness against parametric uncertainties.
Nonlinear sliding mode control schemes can be used to design excitation con-
trollers for the SMIB system as these provide robustness against parametric uncer-
tainties and external disturbances. A nonlinear sliding mode excitation controller
is proposed in [73, 185] for an SMIB system. The excitation controllers in [73, 185]
provide robustness against parameter uncertainties and external disturbances un-
der dierent operating conditions. However, the sliding mode excitation controllers
conne the operation of the SMIB system towards a restrictive sliding surfaces.
Moreover, the sliding mode excitation controllers are sensitive to some unmodeled
dynamics and this is very common in power networks as it is extremely dicult to
capture some nonlinearities, e.g. the dynamics of limiters in the excitation system.
Nonlinear adaptive backstepping excitation controllers overcome the limitations
of existing nonlinear excitation controllers. The adaptive backstepping control
scheme has several distinct features while comparing with other nonlinear tech-
niques, e.g., it uses the nonlinearities rather than canceling nonlinearities as in dif-
ferent feedback linearization schemes, it has the ability to estimate parameters which
in turn overcomes the limitations of parameter sensitivity problems in the feedback
linearization as well as model predictive control schemes, it does not require to use
any optimization technique as in the model predictive approach, and there is no
selection of the restricting surface as in the sliding mode controller. A nonlinear
adaptive backstepping controller is proposed in [186] for an SMIB system where the
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innite bus voltage and transmission line parameters are considered as unknown.
A similar control approach as presented in [186] is used in [41] to design excita-
tion controllers for an SMIB system where the SMIB system is linearized based on
the DFL scheme. However, the excitation controller needs to be designed is such
a way that it can operate independent of the innite bus voltage and transmission
line parameters as these are mainly equipped with the synchronous generator. An
adaptive backstepping control scheme is used in [55] where a single parameter of
the synchronous generator, i.e., the damping coecient is considered as unknown.
However, almost all parameters of the synchronous generator and excitation systems
are critical as the variations of these parameters signicantly aect the stability of
the system [57]. Therefore, it is important to design adaptive backstepping exci-
tation controllers by considering all critical parameters of synchronous generators
as unknown and dynamically estimate these parameters to use for the excitation
control law.
Additionally, power systems are subjected to various disturbances including
three-phase short-circuit faults and sudden changes in loads along with many other
external disturbances and noises during the measurement. When three-phase short-
circuit faults occur at the generator terminal or middle of the transmission line,
the reactance of the transmission line and the structures of power systems changes
quickly and adaptive controllers are unable to adapt the parameter variations for
which the transient stability of power systems is adversely aected [187,188]. More-
over, the mathematical models of power systems are dierent from exact models of
power systems in operations. Robust adaptive controllers are used to solve the prob-
lems of model uncertainties by considering these uncertainties as unknown external
disturbances. In [189], a robust adaptive backstepping controller is proposed by
considering the damping coecient, input torque of the synchronous generator, and
external disturbances as unknown parameters. An adaptive robust H1 controller
with unknown damping coecients and external disturbances is proposed in [60]
where the controller is designed based on modifying adaptive backstepping sliding
mode control method. Another robust adaptive transient stabilizing scheme is pro-
posed in [61] where the main emphasis is given on parametric uncertainties rather
than other external disturbances. However, the variation of all critical parameters
and mechanical power input along with external disturbances which usually exist
in power systems are still uncovered for designing excitation controllers. Thus, it
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can be summarized that most of the existing adaptive excitation controllers do not
have the capability to ensure the robustness of the system against the variations in
the system parameters, external disturbances, and measurement noises. Apart from
these, the excitation controllers so far discussed in the above literature are designed
based on the third-order model of synchronous generators, which cannot capture
full dynamic characteristics of power systems. Finally, it can also be summarized
that the design of adaptive excitation controllers including the robustness analysis
based dierent models of an SMIB system is worthwhile to provide a comprehensive
idea to the power engineering community.
This chapter contributes to the design of adaptive and robust adaptive back-
stepping excitation controllers for an SMIB system by considering three dierent
models. In the rs model, the SMIB system is represented through a third-order
model with the one-axis model of the synchronous generator while neglecting the
dynamic of the excitation system. In the second model, the SMIB system is rep-
resented through a fth-order model where the two-axis model of the synchronous
generator is considered to capture its dynamics more accurately and it also includes
the dynamic of the excitation system. The last model, i.e., the third model, is
used to present the SMIB system along with the turbine-governor system where the
dynamics of the synchronous generator are represented through the third-order (one-
axis) model and the turbine-governor system is represented through a second-order
model. The proposed adaptive backstepping controller is designed for all these mod-
els where the parameters of the synchronous generator and turbine-governor systems
are considered as unknown. For the last model, the adaptive controller is designed
in a coordinated manner to maintain the coordination between the excitation and
steam-valve controllers. On the other hand, the proposed robust adaptive backstep-
ping controllers are designed for rst three models. For all these models, the control
problems are formulated to demonstrate the eects of parameter variations and ex-
ternal disturbances on the performance of the SMIB system. The performances of all
these controllers are evaluated on a typical SMIB system under dierent operating
conditions and compared with existing controllers to demonstrate the superiority of
the proposed scheme. Simulation results, under dierent operating conditions, show
that the proposed controllers provide better operational performances as compared
to the existing controller.
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The organization of this chapter is as follows. The design of an adaptive excita-
tion controller for an SMIB system with the third-order model is shown in Section 4.2
to present the detailed design process along with relevant control problem formula-
tions and simulation results to analyze the performance while Section 4.3 represents
the robust adaptive backstepping controller design for a similar SMIB system. The
adaptive and robust adaptive backstepping controllers design process for an SMIB
system with the two-axis model of the synchronous generator and excitation system
are shown in Section 4.4 and Section 4.5, respectively. These sections also include
the control problem formulation and performance analysis of respective excitation
controllers. Section 4.6 presents the coordinated adaptive backstepping controller
design for the SMIB system where the coordination is made between the excitation
and steam-valve controllers. Finally, the main summary of this chapter is presented
in Section 4.7.
4.2 Adaptive Backstepping Controller for an SMIB System
with One-Axis Model of the Synchronous Generator
This section focuses to design and analyze the performance of an adaptive backstep-
ping excitation controller for a synchronous generator in an SMIB system where the
control problem is formulated by considering some critical parameters of the SMIB
system as unknown. As discussed earlier in this thesis, the one-axis model of the
synchronous generator can be written as follows:
_ = !   !0
_! =   D
2H
(!   !0) + !0
2H
Pm   !0
2H
E 0qIq
_E 0q =  
1
T 0d
E 0q +
(xd   x0d)
Tdo
Id +
1
Tdo
Efd
(4.1)
The proposed adaptive backstepping controller is designed based on this model as
represented by equation (4.1). However, it is essential to dene control problems
associated with variations in critical parameters of the SMIB system which are
discussed in the following subsection.
4.2.1 Control problem formulation
The dynamical model of an SMIB system as represented by equation (4.1) is highly
nonlinear and the main reason of these nonlinearities is the interconnections as
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represented by the currents Id and Iq. Since it is dicult to exactly measure the
parameters of the SMIB system (especially the parameters of the synchronous gen-
erator), these parameters need to be considered arbitrarily. If the numerical value
of the damping coecient (D) is arbitrarily considered, it can be assumed as totally
unknown at the rst instance and in this case, it can be written as follows:
1 =   D
2H
(4.2)
where 1 is an unknown parameter and this parameter needs to estimate in order
to design and implement an adaptive backstepping controller.
In power networks, the output power of the synchronous generator changes fre-
quently to match the continuously changing load demand as it is crucial to maintain
the power balance between the generation and load demand for the sake of stable
operation. In such conditions, the mechanical power input (Pm) to the synchronous
generator needs to be changed. Therefore, it is worth to design an excitation con-
troller which has the capability to tackle the uncertainties in the mechanical power
input which in turn will reect changes in consumer behaviors, i.e., load variations.
Therefore, mechanical power input to the generator can be considered as an un-
known quantity and written as follows:
2 =
Pm
2H
(4.3)
where 2 is another unknown parameter. Furthermore, when a fault occurs at the
generator terminal or any change in the structure of the electrical network, the
reactances xd and x
0
d of the synchronous generator may vary shortly due to the
saturation eects which have signicant impacts on the stability of the SMIB system.
Therefore, the transient reactance of synchronous generators can be considered as
unknown parameters and expressed as follows:
3 =
xd   x0d
Tdo
(4.4)
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If all these unknown parameters are incorporated within the SMIB model as repre-
sented by equation (4.1), it can be written as follows:
_x1 = x2
_x2 = 1x2 + !02   !0
2H
Iqx3
_x3 =   1
T 0d
x3 + 3Id +
1
Tdo
Efd
(4.5)
where ; !   !0, and E 0q are considered as x1; x2, and x3, respectively. The de-
tailed design steps of the proposed excitation controller for the dynamical model as
represented by equation (4.5) are provided in the following subsection.
4.2.2 Derivation of the excitation control input for an SMIB system
The objective is to stabilize the SMIB system as represented by equation (4.5) using
an adaptive backstepping excitation controller. This objective can be achieved by
steering x1 to its desired value x1d which is constant with the stabilizing function 
to stabilize the rst equation of (4.5), x2 to x2d with another stabilizing function 1
to stabilize the second equation of (4.5), and nally, the original excitation control
law Efd to stabilize the third equation of (4.5) which ensures the overall stability of
the whole SMIB system. Therefore, there will be three steps to calculate the nal
control law Efd and these steps are elaborately discussed in the following.
Step 1: According to the design purpose, the rotor angle tracking error can be
dened as follows:
e1 = x1   x1d (4.6)
where x1d is the desired rotor angle. The dynamic of e1 can be written as follows:
_e1 = _x1 = x2 (4.7)
Here, it is assumed that x2 is a virtual control variable corresponding to the dynamic
of a rotor angle tracking error. The rotor speed deviation can be dened by the
following error equation:
e2 = x2    (4.8)
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Using this error equation, the derivative of the rotor angle tracking error as repre-
sented by equation (4.7) can be written as follows:
_e1 = e2 +  (4.9)
where  is a stabilizing function (or a virtual control law) for the rst dynamical
equation as represented by the rst equation of (4.5). Using  as a control stabi-
lizing function to stabilize the error dynamic of the rotor angle as represented by
equation (4.9), the control Lyapunov function (CLF) can be expressed as follows:
W1 =
1
2
e21 (4.10)
whose derivative can be written as follows:
_W1 = e1 _e1 (4.11)
Using the value of _e1, equation (4.11) can be rewritten as follows:
_W1 = e1(e2 + ) (4.12)
At this point, the stabilizing function  needs to be selected in such a way that
_W1 would be negative semi-denite, i.e., _W1  0, which makes the SMIB system
asymptotically stable. A state-feedback controller can easily be used to handle such
situations and the following state-feedback control law can be used to tune the
output response:
 =  k1e1 (4.13)
where k1 is a design constant which is usually chosen by the designer based on the
characteristics of the system to tune the output response. With this stabilizing
function, equation (4.12) can be simplied as follows:
_W1 =  k1e21 + e1e2 (4.14)
It clearly shows that equation (4.14) will be negative semi-denite if e2 = 0 which
is the main control objective and practically feasible for the synchronous machine.
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The second term e1e2 of equation (4.14) will be canceled in the next step with the
stabilizing function 1. To further progress with the controller design process, the
characteristics of other similar control stabilizing functions need to investigate which
is discussed in the following steps.
Step 2: The dynamic related to the rotor speed deviation can be obtained from
equation (4.8) as follows:
_e2 = _x2   _ (4.15)
By taking the derivative of  in equation (4.13), it can be written as:
_ =  k1 _e1 (4.16)
Since _e1 = x2, equation (4.16) can be rewritten as follows:
_ =  k1x2 (4.17)
By substituting the values of _ from equation (4.17) and _x2 from the second equation
of (4.5) into equation (4.15), it can written as follows:
_e2 = 1x2 + !02   !0
2H
Iqx3 + k1x2 (4.18)
Now, the third or last error variable e3 can be dened as follows:
e3 = x3   1 (4.19)
With this error variable, equation (4.18) can be rewritten as follows:
_e2 = 1x2 + !02   !0
2H
Iq(e3 + 1) + k1x2 (4.20)
In terms of estimation errors, equation (4.20) can be rewritten as follows:
_e2 = ^1x2 + x2(1   ^1) + !0^2 + !0(2   ^2)  !0
2H
Iq(e3 + 1) + k1x2 (4.21)
where ^1 and ^2 are the approximations of the unknown parameters 1 and 2,
respectively and the stabilizing function 1 will be stabilized the system (4.21). At
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this point, the second CLF can be written as follows:
W2 = W1 +
1
2
e22 +
1
21
(1   ^1)2 + 1
22
(2   ^2)2 (4.22)
where 1 and 2 are adaptation gains which are always positive. The substitution
of _W1 from equation (4.14) and _e2 from equation (4.21) into equation (4.22) yields
_W2 =  k1e21 + e2(e1 + ^1x2 + !0^2  
!0
2H
Iq(e3 + 1) + k1x2)
  (1   ^1) 11 ( _^1   1e2x2)  (2   ^2) 12 ( _^2   2e2!0)
(4.23)
Now, the stabilizing function 1 can be selected as follows:
1 =
2H
Iq!0
(e1 + ^1x2 + !0^2 + k1x2 + k2e2) (4.24)
and at this step without eliminating the unknown parameter terms (1   ^1) and
(2   ^2) for closed-loop asymptotic tracking, but instead, one can wait until the
nal step and then cancel all unknown parameters with just one updated adaption
law for each unknown parameter. For this purpose, the following tuning functions
need to be dened:
1 = 1e2x2
2 = 2e2!0
(4.25)
Thus, equation (4.23) can be written as:
_W2 =  k1e21   k2e22  
!0
2H
Iqe3e2   (1   ^1) 11 ( _^1   1)
  (2   ^2) 12 ( _^2   2)
(4.26)
The rst two terms in _W2 are negative denite or semi-denite, the third term will
be canceled in the next step by making e3 = 0, and the last two terms are tolerated
at this step as the nal decisions about
_^
1 and
_^
2 are postponed at this step. Now,
the derivative of 1 is calculated here as it is essential to use in the next step which
can be written as:
_1 = A B   C + F1 +G2 (4.27)
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where
A =
(1 + k1k2 +
_^
1)
Iq!0
2Hx2 +
2H
_^
2
Iq
; B = x3(^1 + k1 + k2);
C =
2H(e1 + ^1x2 + ^2!0 + k1x2 + k2e2)
!0I2q
_Iq;
G =
2H(^1 + k1 + k2)
Iq
; F =
(^1 + k1 + k2)
Iq
2Hx2
The derivations of the parameter adaptation laws along with the excitation control
input and stability analysis of the whole system are shown in the following step.
Step 3: The nal error dynamic can be written as follows:
_e3 = _x3   _1 (4.28)
By substituting the values of _x3 and _1 into equation (4.19), it can be written as
follows:
_e3 =   1
T 0d
x3 + 3Id +
1
Tdo
Efd   A+B + C   F1  G2 (4.29)
In terms of estimation errors, equation (4.29) can be rewritten as follows:
_e3 =   1
T 0d
x3 + ^3Id + Id(3   ^3) + 1
Tdo
Efd   A+B + C
  F ^1   F (1   ^1) G^2  G(2   ^2)
(4.30)
From equation (4.30), it can be seen that all unknown parameters appear along
with the excitation control input Efd. Now, the parameter adaptation laws and
excitation control input Efd need to be obtained in such a way that the errors e1; e2,
and e3 converge to zero as t ! 1. In this case, the nal CLF can be selected as
follows:
W3 =W2 +
1
2
e23 +
1
23
(3   ^3)2 (4.31)
and the derivative of W3 can be obtained as:
_W3 = _W2 + e3 _e3   1
3
(3   ^3) _^3 (4.32)
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where 3 is another adaptation gain. Equation (4.32) along the trajectory of equa-
tions (4.26) and (4.30) can be written as follows:
_W3 =  k1e21   k2e22 + e3( 
!0
2H
Iqe2   1
T 0d
x3 + ^3Id +
1
Tdo
Efd
  A+B + C   F ^1  G^2)  (1   ^1) 11 ( _^1   1 + 1Fe3)
  (2   ^2) 12 ( _^2   2 + 2Ge3)  (3   ^3) 13 ( _^3   3Ide3)
(4.33)
The excitation control input and parameter adaptation laws need to be selected in
such a way that _W3  0. This would happen if Efd is selected as follows:
Efd =  Tdo(  !0
2H
Iqe2   1
T 0d
x3 + ^3Id   A+B + C   F ^1  G^2 + k3e3) (4.34)
and the parameter adaptation laws for ^1; ^2, and ^3 are selected as follows:
_^
1 = 1   1Fe3
_^
2 = 2   2Ge3
_^
3 = 3Ide3
(4.35)
Using equations (4.34) and (4.35), equation (4.33) can be simplied as follows:
_W3 =  k1e21   k2e22   k3e23  0 (4.36)
which is negative semi-denite. Therefore, the derived excitation control law and
parameter adaptation laws stabilize the whole SMIB system. Thus, the estimated
parameters obtained through these adaptation laws can be used for the excitation
controller in the SMIB system. Simulation studies are conducted in the following
subsection to show the eectiveness of this designed excitation controller.
4.2.3 Simulation results
In this chapter, the SMIB system on which the performance of the designed adaptive
backstepping controller is evaluated is exactly similar to that as presented in Chapter
2 (Fig.2.1). The physical parameters of the SMIB system used in the simulation
studies are included in Appendix-9.1. The tuning parameters for the controller are
considered as: k1 = k2 = 5, and k3 = 2 while the adaptation gains are chosen
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as follows: 1 = 2 = 2, and 3 = 5. The eectiveness of the designed nonlinear
adaptive backstepping excitation controller (NABEC) is analyzed by considering the
following two cases:
 Applying a symmetrical three-phase short-circuit fault fault at the terminal of
the synchronous generator and
 Applying a symmetrical three-phase short-circuit fault fault at the middle of
one of the transmission lines.
In both cases, the fault is applied at t=10 s and cleared at t=10.2 s i.e., the fault
duration is 0.2 s and the fault with such a fault duration is considered as signicantly
a large fault. During this fault on the power system, the circuit-breaker performs
its usual function to maintain the reliability of power systems. The performance of
the designed controller is compared with two other controllers i) a conventional PSS
and an existing NABEC (ENABEC) as proposed in [29] where only the mechanical
power input is considered as an unknown parameter
 Case 1: Controller performance in the case of a three-phase short-
circuit fault at the terminal of the synchronous generator
When a three-phase short-circuit fault which is actually a three-phase-to-ground
fault is applied at the terminal of the synchronous generator, the terminal voltage
and output power of the generator will be zero which can be seen in Fig. 4.1 and
Fig. 4.2, respectively. It can be seen that the terminal voltage and output power of
the synchronous generator are zero from 10 s to 10.2 s as the fault is applied for this
duration. When the fault is cleared at 10.2 s, the designed controller stabilizes the
terminal voltage and output power responses in a better way as compared to both
the PSS and the ENABEC.
In this case, the speed and rotor angle of the generator will oscillate when the
fault occurs and these responses will settle down to their steady-state values after
clearing the fault. Since the synchronous generator operates at synchronous speed,
the speed deviation will be zero after the clearance of the fault which is shown in
Fig. 4.3. On the other hand, the rotor angle will settle down to its pre-fault value as
shown in Fig. 4.4. The designed NABEC provides better damping as compared to
the ENABEC and the conventional PSS. This has been clearly depicted in Fig. 4.3
and Fig. 4.4 from where it can be seen that the settling time of the designed controller
is much faster than both existing controllers.
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Figure 4.1. Terminal voltage of the synchronous generator in case of three-phase short-
circuit fault at terminal of the synchronous generator
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Figure 4.2. Output power of the synchronous generator in case of three-phase short-
circuit fault at terminal of the synchronous generator
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Figure 4.3. Speed deviation of the synchronous generator in case of three-phase short-
circuit fault at terminal of the synchronous generator
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Figure 4.4. Rotor angle of the synchronous generator in case of three-phase short-circuit
fault at terminal of the synchronous generator
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Figure 4.5. Terminal voltage of the synchronous generator in case of three-phase short-
circuit fault at the middle of a transmission line
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Figure 4.6. Output power of the synchronous generator in case of three-phase short-
circuit fault at the middle of a transmission line
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Figure 4.7. Speed deviation of the synchronous generator in case of three-phase short-
circuit fault at the middle of a transmission line
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Figure 4.8. Rotor angle of the synchronous generator in case of three-phase short-circuit
fault at the middle of a transmission line
 Case 2: Controller performance in the case of a three-phase short-
circuit fault at the middle of one of the transmission lines
When a three-phase short-circuit fault is applied at the middle of one of the two
parallel transmission lines, the terminal voltage will not be zero and the uctuation
of the generator output power will be more as shown in Fig. 4.5 and Fig. 4.6, respec-
tively. From these gures, it is clear that the designed controller acts much faster
way as compared to the ENABEC and conventional PSS. The corresponding speed
deviation and rotor angle responses are shown in Fig. 4.7 and Fig. 4.8, respectively.
Although the designed controller in this section has the ability to provide satis-
factory performance under unknown parameters of the SMIB system, the external
disturbances or measurement noises are not considered in this design procedure.
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However, unexpected external disturbances or measurement noises could also de-
grade the performance of an adaptive backstepping excitation controller if these
disturbances are not taken into account within the system model and the controller
is not designed based on such a model. To overcome this problem, it is essential
to design a robust adaptive excitation controller which considers the eects of both
parametric uncertainties and external disturbances. The following section presents
a problem with the variations in parameters and external disturbances along with
the detailed design procedure as well as performance analysis.
4.3 Robust Adaptive Backstepping Controller for the
SMIB System with One-Axis Model of the
Synchronous Generator and External Disturbances
In this section, the robust adaptive backstepping excitation controller for the SMIB
system is designed by considering the parameters as unknown and at the same time,
the eects of external disturbances are considered. The proposed robust adaptive
backstepping excitation controller is designed to ensure that robustness against simi-
lar parametric uncertainties to that of an adaptive backstepping excitation controller
as discussed in the previous section, i.e., 1 =   D2H ; 2 = Pm2H , and 3 =
xd x0d
Tdo
. If the
eects of external disturbances are incorporated within the dynamical model of the
SMIB system with one-axis model of the synchronous generator can be written as
follows:
_x1 = x2 + d1
_x2 = 1x2 + !02   !0
2H
Iqx3 + d2
_x3 =   1
T 0d
x3 + 3Id +
1
Tdo
Efd + d3
(4.37)
where d1; d2, and d3 represent the external disturbances. The eects of parameter
variations and external disturbances are investigated in the following subsection
before designing the proposed robust adaptive backstepping controller.
4.3.1 Control problem formulation
The variations in dierent physical parameters of the synchronous generator are
very common during the normal operation of power systems and the main reason
of these variations are dierent uncertain events within the power network such
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Figure 4.9. Speed deviation dierent conditions without any controller (ideal operation,
changes in stability sensitive parameters, and inclusion of external disturbances along with
changes in critical parameters)
as short-circuit faults, load shedding, turbine failures, etc. which in turn change
the whole structure of the network. For example, when a short-circuit fault occurs
at the terminal of a synchronous generator, the damping coecient (D) changes
along with changes in the reactances xd and x
0
d which also aect the direct-axis
open-circuit time constant (Tdo). Due to the variation of these parameters, the
stability of a power system is hampered signicantly. Additionally, the loads in
power systems are continuously changing and the mechanical power input (Pm) to
the synchronous generator needs to be adjusted in order to match the generation
with the load demand which is the main criteria for maintaining the stable operation
of power systems. Moreover, the mathematical model of a power system has the
lack of accuracy as compared to the model in practical operation and this happens
due to the external disturbances such as noises from the measurement.
When there are no variations in the system parameters, i.e., all parameters of
synchronous generators are exactly known in an ideal power system; the genera-
tion matches with the demand, and the power system is free from any external
disturbance; all physical quantities such as the terminal voltage, real power, reac-
tive power, speed deviation, and rotor angle of the synchronous generator will be in
the steady-state. Such situation is shown in Fig. 4.9 where the speed deviation is
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in the steady-state (black line) when the SMIB system operates in an ideal condi-
tion. When the stability sensitive parameters are changed, the system is no longer
in steady-state conditions and becomes unstable which is also depicted in Fig. 4.9
(blue line). The operating conditions of the system become the worst (red line in
Fig. 4.9) when external disturbances are added along with the variations of critical
parameters. Therefore, it is worth to estimate the stability sensitive parameters by
considering these as totally unknown and include external disturbances within the
power system model so that the proposed excitation control is capable to provide
robust performance against these factors.
The proposed robust adaptive excitation control input will be obtained based on
the SMIB system model as represented by equation (4.37). The proposed excitation
controller will provide the robustness against the variations in parameters and exter-
nal disturbances. The detailed design procedure of a robust adaptive backstepping
excitation controller is discussed in the following subsection.
4.3.2 Derivation of the robust adaptive excitation control input for an
SMIB system
This section is aimed to design the robust adaptive backstepping controller and pro-
vide the detailed analysis on the stability of the SMIB system with the formulation
of Lyapunov functions at dierent stages of the controller design process. The design
procedure is composed of three distinct steps to obtain the nal control law, Efd
and these steps are elaborately discussed in the following:
Step 1: The rotor angle tracking error can be dened as follows:
e1 = x1   x1d (4.38)
and the derivative of this error can be written as follows:
_e1 = _x1 = x2 + d1 (4.39)
Here x2 is assumed a virtual control variable which corresponds the dynamic of the
rotor angle tracking error. The speed deviation of synchronous generators can be
dened in terms of the following error equation:
e2 = x2    (4.40)
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Substituting equation (4.40) into equation (4.39), it can be written as follows:
_e1 = e2 +  + d1 (4.41)
where  is a new virtual control function for the dynamic represented by equa-
tion (4.41) which represents the error dynamic of the rotor angle for which the CLF
can be formulated as follows:
W1 =
1
2
e21 (4.42)
whose derivative is
_W1 = e1 _e1 (4.43)
Inserting equation (4.41) into equation (4.43), it can be rewritten as:
_W1 = e1(e2 +  + d1) (4.44)
The derivative of the CLF as represented by equation (4.44) should be negative semi-
denite in order to stabilize the dynamic of the rotor angle. Therefore, the virtual
control law,  needs to be chosen in such a way that _W1  0 which ensures the
asymptotic stability. State-feedback controllers are useful to tackle such situations
and the simplest form of a state-feedback controller can be written as:
 =  k1e1 (4.45)
where k1 is a positive constant which is the gain of the controller. The derivative of
 in equation (4.45) can be written as follows:
_ =  k1 _e1 (4.46)
Since _e1 = x2 + d1, equation (4.46) can be written as follows:
_ =  k1(x2 + d1) (4.47)
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Now, using the stabilizing function as represented by equation (4.45), the derivative
of W1 which is reected through equation (4.44) can be written as follows:
_W1 =  k1e21 + e1(e2 + d1) (4.48)
It is clear that equation (4.48) will be negative semi-denite if e1 is zero and this
will happen if e2 ! 0. Hence, the next control objective is to drive e2 to zero which
is discussed in the following step.
Step 2: The dynamic related to the speed deviation can be obtained by taking
the derivative of e2 which is dened through equation (4.40). Now, the deriva-
tive of equation (4.40) and the substitution of the second equation of (4.37) into
equation (4.47) then this derivative will yield
_e2 = 1x2 + !02   !0
2H
x3Iq + d2 + k1(x2 + d1) (4.49)
The nal error variable e3 can be dened as follows:
e3 = x3   1 (4.50)
where 1 is another stabilizing function for the second equation of (4.37). By incor-
porating this error variable into equation (4.49), it can be written as:
_e2 = 1x2 + !02   !0
2H
Iq(e3 + 1) + d2 + k1(x2 + d1) (4.51)
Dening ^1 and ^2 as the estimated values of 1 and 2, the error dynamic of the
speed deviation can be rewritten as follows:
_e2 = ^1x2 + ~1x2 + !0(^2 + ~2   Iq
2H
(e3 + 1))
+ d2 + k1(x2 + d1)
(4.52)
where ~i=i   ^i with i = 1; 2 is the estimation error corresponding to unknown
parameters. In this case, the second CLF can be written as:
W2 = W1 +
1
2
e22 +
1
21
~21 +
1
22
~22 (4.53)
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and the derivative of W2 can be expressed as
_W2 = _W1 + e2 _e2   1
1
~1
_^
1   1
2
~2
_^
2 (4.54)
Now, by inserting equations (4.48) and (4.52) into equation (4.54), it can be written
as:
_W2 =  k1e21 + e2(e1 + ^1x2 + !0^2  
Iq
2H
!0(e3+
1) + k1x2)  ~1 11 ( _^1   1e2x2)  ~2 12
(
_^
2   2e2!0) + e1d1 + e2(d2 + k1d1)
(4.55)
The stabilizing function 1 which will stabilize the error dynamic of the speed de-
viation can be selected as follows:
1 =
2H
Iq!0
(e1 + ^1x2 + !0^2 + k1x2 + k2e2) (4.56)
and at this step, it is essential to wait until next step without eliminating the
unknown parameter terms ~1 and ~2 for closed-loop asymptotic tracking. Finally, all
these unknown parameter terms can be canceled with just one updated adaption law
for each unknown parameter and to do this, it is essential to consider the following
tuning functions:
1 = 1e2x2
2 = 2e2!0
(4.57)
Using these tuning functions, equation (4.55) can be simplied as follows:
_W2 =  k1e21   k2e22  
Iq
2H
!0e3e2   ~1 11 ( _^1   1)
  ~2 12 ( _^2   2) + e1d1 + e2(d2 + k1d1)
(4.58)
From equation (4.58), it is clear that the rst two terms in the right side are negative
denite and the third term will be zero when e3 = 0 which will be ensured in the next
step. Since the decision about the estimation of two unknown parameters has not
been nalized yet, the fourth and fth terms on the right side of equation (4.58) are
tolerated at this step. Finally, the last two terms on the right side of equation (4.58)
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will become zero if e2 is zero. It is essential to obtain the derivative of 1 in order
to complete the next step which can be written as:
_1 =
2H
(Iq!0)2
(( _e1 +
_^
1x2 + ^1 _x2 +
_^
2!0 + k1 _x2 + k2
_e2)Iq!0   (e1 + ^1x2 + !0^2 + k1x2 + k2e2) _Iq!0)
(4.59)
and simplied as:
_1 = A B   C + F1 +G2 (4.60)
where
A =
2H
Iq!0
x2(1 + k1k2 +
_^
1) +
2H
Iq
_^
2
B = x3(^1 + k1 + k2)
C =
2H
!0I2q
(e1 + ^1x2 + !0^2 + k1x2 + k2e2) _Iq
F =
2H
Iq!0
x2(^1 + k1 + k2)
G =
2H
Iq
(^1 + k1 + k2)
The derivation of the excitation control law along with the stability and robustness
analysis of the whole SMIB system are shown in the following step.
Step 3: The dynamic of the nal error can be obtained as following by taking
the derivative of equation (4.50)
_e3 = _x3   _1 (4.61)
Since _x3 is available from the third equation of (4.37) and _1 from equation (4.60),
using these values equation (4.61) can be written as follows:
_e3 =   1
T 0d
x3 + 3Id +
1
Tdo
Efd + d3   A+B + C   F1  G2 (4.62)
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By incorporating the estimation errors, equation (4.62) can be rewritten as follows:
_e3 =   1
T 0d
x3 + ^3Id + ~3Id +
1
Tdo
Efd + d3
  A+B + C   F ^1   F ~1  G^2  G~2
(4.63)
The excitation control signal Efd is now available in equation (4.63) which needs to
be obtained in a manner that the errors e1, e2, and e3 converge to zero as t ! 1.
At this point, the CLF can be written as:
W3 = W2 +
1
2
e23 +
1
23
~23 (4.64)
whose derivative is
_W3 = _W2 + e3 _e3   1
3
~3
_^
3 (4.65)
By substituting the values of _W2 and _e3 into equation (4.65), it can be written as:
_W3 =  k1e21   k2e22 + e3( 
Iq
2H
!0e2   1
T 0d
x3 + ^3Id
+
1
Tdo
Efd + d3   A+B + C   F ^1  G^2)
  ~1 11 ( _^1   1 + 1Fe3)  ~2 12 ( _^2   2
+ 2Ge3)  ~3 13 ( _^3   3Ide3) + e1d1 + e22
(4.66)
where 2 = d2 + k1d1. The excitation control law can be chosen as follows:
Efd = Tdo(
!0e2Iq
2H
+
x3
T 0d
  ^3Id + A B   C + F ^1 +G^2
  F3sgn(e3)  k3e3)  e2F2sgn(e2)  e1F1sgn(e1)
(4.67)
where sgn is the signum function which can be written as follows:
sgn(e) =
8>>><>>>:
+1 if e > 0
0 if e = 0
 1 if e < 0
(4.68)
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The external disturbances (d1; 2; d3) are assumed to be bounded by known positive
constants F1; F2, and F3 that is, j d1 j F1, j 2 j F2, and j d3 j F3. In such
cases, equation (4.66) can be rewritten as follows:
_W3 =  k1e21   k2e22   k3e23   ~1 11 ( _^1   1 + 1Fe3)
  ~2 12 ( _^2   2 + 2Ge3)  ~3 13 ( _^3   3Ide3)
+ e3(d3   F3sgn(e3)) + e2(2   F2sgn(e2))+
e1(d1   F1sgn(e1))
(4.69)
Now, in order to eliminate the inuences of ~1, ~2, and ~3 in _W3; the following
adaptation laws can be chosen follows:
_^
1 = 1   1Fe3
_^
2 = 2   2Ge3
_^
3 = 3Ide3
(4.70)
Finally, equation (4.69) can be simplied as:
_W3 =  k1e21   k2e22   k3e23 + e3(d3   F3sgn(e3))+
e2(2   F2sgn(e2)) + e1(d1   F1sgn(e1))  0
(4.71)
Since j d1 j F1, j 2 j F2, and j d3 j F3, so _W3  0. From equation (4.71), it is
obvious that the error dynamics of the system is asymptotically stable. Therefore,
the derived robust adaptive backstepping control law stabilizes the whole SMIB
system. Simulation studies are conducted in the following section to show the eec-
tiveness of this designed controller.
4.3.3 Simulation results
In this subsection, the performance of the designed controller is evaluated by car-
rying out simulations on a similar SMIB system and the nominal values of dierent
parameters in the SMIB system are also considered as same the previous section.
Simulation results are carried out under two dierent cases where the external dis-
turbances are incorporated into the SMIB system from the beginning of its operation
and a symmetrical three-phase short-circuit fault is applied at the terminal of the
synchronous generator. In the case of the three-phase short-circuit fault, the fault
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Figure 4.10. Terminal voltage of the synchronous generator in the presence of external
disturbances within the SMIB power system
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Figure 4.11. Output power of the synchronous generator in the presence of external
disturbances within the SMIB power system
duration is considered as 0.2 s where the fault is applied at 8 s and cleared at 8.2
s. The performance of the designed robust adaptive excitation controller (RAEC)
is also compared with an existing RAEC (ERAEC) as presented in [60] where only
the damping coecient and external disturbances are considered as unknown un-
certainties.
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Figure 4.12. Speed deviation of the synchronous generator in the presence of external
disturbances within the SMIB power system
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Figure 4.13. Rotor angle of the synchronous generator in the presence of external dis-
turbances within the SMIB power system
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Figure 4.14. Control input in the presence of external disturbances within the SMIB
power system
 Case 1: When only the external disturbances are considered with all
feedback variables of the excitation controller in the SMIB system
In this case study, external disturbances are included with all feedback variables of
the excitation controller in the SMIB system. All these disturbances are included
from the beginning of the simulation and thus, dierent physical properties of the
SMIB system, e.g., the terminal voltage, active power delivered by the synchronous
generator, speed deviation, and rotor angles are observed from the beginning, i.e.,
from 0 s for both RABEC and ERABEC. In this simulation, the white Gaussian
noise is used as an external disturbance. This disturbance is considered with all
physical quantities such as speed, rotor angle, real power, reactive power, and ter-
minal voltage. The nature of this noise is shown in Fig. 4.15. The terminal voltage
and output power responses of the synchronous generator are shown in Fig. 4.10
and Fig. 4.11, respectively from where it is clear that both controllers are capable of
rejecting the external disturbances but the RAEC performs better than ERAEC. It
should be noted that the estimated parameters are used for the designed excitation
controllers. Otherwise, it would be dicult to maintain the overall stability of the
SMIB system.
The corresponding speed deviation, rotor angle, and control input responses are
shown in Fig. 4.12, Fig. 4.13, and Fig. 4.14, respectively. All of these responses
settle down to their steady-state values when both controllers are applied. However,
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Figure 4.15. External disturbance to test controllers
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Figure 4.16. Terminal voltage of the synchronous generator in case of three-phase short-
circuit fault at terminal of the synchronous generator
the designed RAEC acts much quicker than the ERAEC in order to maintain the
transient stability of the SMIB system.
 Case 2: When a three-phase fault is applied at the terminal of the
synchronous generator
A three-phase short-circuit fault at the terminal of a synchronous generator is the
most severe fault in power systems. The consequences of such a fault will be more
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Figure 4.17. Output power of the synchronous generator in case of three-phase short-
circuit fault at terminal of the synchronous generator
severe when external disturbances will be added into the system. As mentioned
earlier in this chapter, the synchronous generator will not supply any power during
the faulted period while the terminal voltage will also be zero. However, the im-
plementation of an eective controller will settle the system into the steady-state
operating point as soon as the fault will be cleared. The terminal voltage response
of the synchronous generator, which is used in the SMIB system, settles down to the
pre-fault steady-state condition very quickly when the designed RAEC is used (black
line in Fig. 4.16). However, the ERAEC exhibits oscillating terminal voltage for a
longer period as compared to the RAEC. The output power as shown in Fig. 4.17
shows the similar characteristics. Thus, the designed RAEC stabilizes the terminal
voltage and output power responses in a faster way as compared to the ERAEC.
Due to the application of this severe three-phase short-circuit fault, the speed and
rotor angle of the synchronous generator will show oscillating characteristics during
the fault as well as even after the clearance of the fault, i.e., before settling down to
the original steady-state operating point. Since the synchronous generator operates
at synchronous speed, the zero speed deviation ensures the stability of the speed
response. From Fig. 4.18, it can be seen that the designed RAEC has less oscillation
as compared to the ERAEC.
On the other hand, the rotor angle will act in a similar manner to that of the
speed deviation. The designed RAEC has a better capability of providing additional
Section 4.3 Robust Adaptive Backstepping Controller for the SMIB System with
One-Axis Model of the Synchronous Generator and External Disturbances 91
7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12
−0.015
−0.01
−0.005
0
0.005
0.01
0.015
Time (s)
S
p
ee
d
 d
ev
ia
ti
o
n
 (
p
u
)
RAEC
ERAEC
Figure 4.18. Speed deviation of the synchronous generator in case of three-phase short-
circuit fault at terminal of the synchronous generator
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Figure 4.19. Rotor angle of the synchronous generator in case of three-phase short-circuit
fault at terminal of the synchronous generator
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Figure 4.20. Control input in case of three-phase short-circuit fault at terminal of the
synchronous generator
damping into the SMIB system which has been depicted in both Fig. 4.18 and
Fig. 4.19 as the amplitude of oscillation is less with the designed controller. The
corresponding control inputs for two dierent controllers are shown in Fig. 4.20 from
where it can be seen that the control signal for the designed controller is more stable.
Therefore, the designed excitation controller is adaptive to unknown parameters
of synchronous generators and robust to the bounded external disturbances. The
designed excitation controller is employed to regulate several physical properties of
synchronous generators such as rotor angle, synchronous speed, terminal voltage,
and output power. The performance of the designed excitation controller is evalu-
ated just with the external disturbances as well as the combination of both external
disturbances and a three-phase short-circuit fault. From simulation results, it is ev-
ident that the designed controller is more eective than an existing robust adaptive
excitation controller in terms of providing damping into the system and settling the
responses to their pre-fault steady-state operating points.
The adaptive and robust adaptive excitation controllers so far discussed in this
chapter are designed based on the third-order model of synchronous generators in
an SMIB system which do not consider dynamics of excitation systems though these
exciters are integral parts of synchronous generators in power systems. Moreover,
the dynamics of synchronous generators cannot be fully captured through the one-
axis model as it neglects the eects of direct-axis transient voltage. In such a case,
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the performance of the designed controller will be degraded when these will be im-
plemented on an SMIB system where synchronous generators are modeled based on
the two-axis model and the dynamic of the excitation system is incorporated within
the model. Therefore, it is signicantly valuable to design excitation controllers for
an SMIB system by considering the two-axis model of synchronous generators along
with the dynamics of excitation systems while considering all stability sensitive pa-
rameters as unknown. The design of such controllers is presented in the following
sections.
4.4 Adaptive Backstepping Excitation Controller Design
for an SMIB System with Two-Axis Model of the
Synchronous Generator and Excitation System
In this section, a nonlinear adaptive excitation controller is designed for an SMIB
system where the synchronous generator is represented through the two-axis model
instead of the one-axis model and the dynamic of the excitation system is considered
during the controller design process. As discussed in an earlier chapter of this thesis,
the complete dynamical model of such an SMIB system can be represented through
the following equations:
_ = !   !0
_! =   D
2H
(!   !0) + !0
2H
Pm   !0
2H
(E 0qIq + E
0
dId)
_E 0q =  
1
T 0do
E 0q +
xd   x0d
T 0do
Id +
1
T 0do
Efd
_E 0d =  
1
T 0q
E 0d +
1
T 0qo
(xq   x0q)Iq
_Efd =  Efd
TA
+
KA
TA
(Vref + VC   Vt)
(4.72)
The proposed adaptive backstepping controller is designed based on this dynamical
model of the SMIB system as represented by equation (4.72). However, it is essential
to formulate the control problem before designing such an adaptive backstepping
excitation controller which is discussed in the following subsection.
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4.4.1 Control problem formulation
It is well-known that power systems are inherently stable and the synchronism as
well as the stability margins of the system are aected due to the presence of any
small or large disturbances which are not desirable for the practical operation. More-
over, it is dicult to exactly know the parameters of power systems (especially the
parameters of synchronous generators which are dependent on the transient char-
acteristics). The nominal values of these parameters are considered based on the
steady-state operation. However, the steady-state operating points change continu-
ously in power systems due to uctuating load demand. The most stability sensitive
parameters of synchronous generators are the d- and q-axes open-circuit transient
time constants while comparing with other parameters and the variations of these
parameters signicantly aect the stability of power systems. Moreover, the time
constant of the voltage regulator varies over time as the automatic voltage regulator
(AVR) continuously adjusts the terminal voltage during the transient. Therefore, it
is worth to consider these parameters as unknown and with these unknown parame-
ters, some terms in the dynamical model of the synchronous generator as represented
by equation (4.72) can be written as follows:
1 =
1
T 0do
2 =  (xd   x
0
d)
T 0do
3 =   1
T 0qo
4 =
(xq   x0q)
T 0qo
5 =   1
TA
6 =
KA
TA
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If all these unknown parameters are incorporated within the SMIB model as repre-
sented by equation (4.72), it can be written as:
_x1 = x2
_x2 =   D
2H
x2 +
!0
2H
Pm   !0
2H
(Iqx3 + Idx4)
_x3 =  1x3 + 2Id + 1x5
_x4 = 3x4 + 4Iq
_x5 = 5x5 + 6(Vref + Vc   Vt)
(4.73)
where , ! !0, E 0q, E 0d, and Efd are considered as x1; x2; x3; x4, and x5 respectively.
The proposed adaptive excitation controller is designed based on this dynamical
model which is provided in the following subsection. During this design process,
the necessary design steps to obtain the adaptive excitation control input Vc, are
presented in the following subsection.
4.4.2 Derivation of the adaptive excitation control input for an SMIB
system
In this subsection, the main objective is to design an adaptive excitation controller
to enhance the voltage regulation and transient stability of an SMIB system while
guaranteeing the robustness of the proposed control scheme with respect to the
unknown parameters 1; 2; 3; 4; 5, and 6. The design procedure of the proposed
control scheme is elaborately discussed in the following steps:
Step 1: To satisfy the control objective, the rotor angle tracking error can be
dened as:
e1 = x1   x1d (4.74)
and the derivative of this error can be written as:
_e1 = _x1 = x2 (4.75)
Here, it is assumed that x2 is a virtual control variable to stabilize the dynamic of
the rotor angle tracking error as described by equation (4.75). To nd the stabilizing
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function for x2, the CLF can be dened as follows
W1 =
1
2
e21 (4.76)
Using the value of _e1 from equation (4.75), the derivative of W1 can be written as:
_W1 = e1x2 (4.77)
At this point, the stabilizing function for x2 needs to be chosen in such a way that
_W1 would be negative semi-denite, i.e., _W1  0 which makes the system stable. In
this case, the stabilizing function x2 =  is chosen as follows:
 =  k1e1 (4.78)
where k1 is a positive constant which is used to tune the output response. With this
stabilizing function, equation (4.77) can be written as:
_W1 =  k1e21 (4.79)
It clearly shows that equation (4.79) is negative semi-denite which is the main
aim of this step and practically feasible for synchronous generators. To further
progress with the controller design process, the characteristics of other similar control
stabilizing functions need to investigate which is discussed in the following steps.
Step 2: The stabilizing function  may not be the exact one, as it is a virtual
control input. So, let's dene the second error variable e2 as:
e2 = x2    (4.80)
Its derivative is
_e2 =   D
2H
x2 +
!0
2H
Pm   !0
2H
(Iqx3 + Idx4) + k1x2 (4.81)
Since _ =  k1x2. Now, by augmenting the rst CLF with a quadratic term in the
error variable e2, the following CLF is considered
W2 = W1 +
1
2
e22 (4.82)
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Substituting the values of _W1 from equation (4.79) and _e2 from equation (4.81), the
derivative of W2 can be written as:
_W2 =  k1e21 + e2(
!0
2H
Pm   D
2H
x2   !0
2H
Idx4 
!0
2H
Iqx3 + k1x2)
(4.83)
At this point, the stabilizing functions for x3 = 1 and x4 = 2 are chosen as follows
to make _W2  0:
1 =
2H
!0Iq
(
!0
2H
Pm   D
2H
x2 + k1x2)
2 =
2H
!0Id
k2e2
(4.84)
where k2 is a positive design constant. Inserting equation (4.84) into equation (4.83)
yields
_W2 =  k1e21   k2e22 (4.85)
From equation (4.85), it can be seen that _W2 is negative semi-denite for k1 > 0
and k2 > 0. The remaining error dynamic of this design procedure are discussed in
the following steps.
Step 3: Since the stabilizing functions as represented by equation (4.84) are not
the real control inputs, the third and fourth error variables are dened as follows:
e3 = x3   1 (4.86)
e4 = x4   2 (4.87)
The derivative of e3 by using the value of _x4 can be expressed as:
_e3 =  1x3 + 2Id + 1x5   _1 (4.88)
In order to handle the unknown parameters 1, and 2 as appeared in equation (4.88);
it is essential to dene these parameters in term of their estimated values ^1, and
^2, respectively. Now, the estimation errors of these parameters can be dened as:
~i = i   ^i with i = 1; 2. Thus, in terms of estimation errors, equation (4.88) can
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be rewritten as:
_e3 = (^1 + ~1)(x5   x3) + (^2 + ~2)Id   _1 (4.89)
Similarly, equation (4.87) can be expressed as:
_e4 = (^3 + ~3)x4 + (^4 + ~4)Iq   _2 (4.90)
For this case, consider the following CLF:
W3 = W2 +
1
2
(e23 + e
2
4 +
1
1
~21 +
1
2
~22 +
1
3
~23 +
1
4
~24) (4.91)
where i with i = 1; 2; 3; 4 is the adaptation gain parameter. Now, by using equa-
tions (4.85), (4.89), and (4.90), the derivative of W3 can be written as:
_W3 =  k1e21   k2e22 + e3(^1x5   ^1x3 + ^2Id   _1)
+ e4(^3x4 + ^4Iq   _2) 
~1
1
[
_^
1   1e3(x5   x3)]
 
~2
2
(
_^
2   2e3Id) 
~3
3
(
_^
3   3e4x4) 
~4
4
(
_^
4   4e4Id)
(4.92)
The derivative of W3 as represented by equation (4.92) should be negative semi-
denite in order to stabilize the system. Under this circumstance, the stabilizing
function x5 = 3 can be chosen as:
3 =
1
^1
(^1x3   ^2Id + _1   k3e3) (4.93)
^3x4 + ^4Iq   _2 =  k4e4 (4.94)
And to avoid the over-parameterization caused by appearance of 1; 2; 3; and 4 in
the subsequence steps, the parameter adaptation laws will not be selected at this
step to update ^1; ^2; ^3; and ^4. Instead, the following tuning functions are dened:
1 = 1e3(x5   x3)
2 = 2e3Id
3 = 3e4x4
4 = 4e4Iq
(4.95)
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Using equations (4.93), (4.94), and (4.95), the derivative of W3 can be rewritten as:
_W3 =  k1e21   k2e22   k3e23   k4e24  
1
1
~1(
_^
1   1) 
1
2
~2(
_^
2   2)  1
3
~3(
_^
3   3)  1
4
~4(
_^
4   4)
(4.96)
It is clear that the rst, second, third, and fourth terms in the right side of equa-
tion (4.96) is negative semi-denite. Since the decision about the estimation of
unknown parameters has not been nalized yet, the remaining terms on the right
side of equation (4.96) are tolerated at this step. Now, it is essential to obtain the
derivative of 3 in order to complete the next step which can be written as:
_3 = A+B11 +B22 (4.97)
where
A =
1
^1
(1   _^2Id   ^2 _Id)  1
^21
( _1   ^2Id   k3e3) _^1;
B1 = B(x5   x3); B2 = BId; and B = 1  k3
^1
_1:
The derivation of the nal control law along with parameter adaptation laws and
the stability analysis of the whole system are presented in the next step.
Step 4: In this step, the nal error is dened as:
e5 = x5   3 (4.98)
Now, the objective is to asymptotically vanish the error variables (e1; e2; e3; e4; e5).
To this end, the nal error dynamic using the last equation of (4.73) and equa-
tion (4.97) can be written as:
_e5 = 5x5 + 6(Vref + Vc   Vt)  A B11  B22 (4.99)
and in terms of estimation errors equation (4.99) can be rewritten as:
_e5 = (^5 + ~5)x5 + (^6 + ~6)(Vref + Vc   Vt)
  A B1(^1 + ~1) B2(^2 + ~2)
(4.100)
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The original control input Vc appears in equation (4.100) and the main purpose is
to calculate the Vc so that the errors e1; e2; e3; e4, and e5 converge to zero as t!1.
The nal CLF can be considered to design the actual control law and parameter
adaptation laws as:
W4 =W3 +
1
2
(e25 +
1
5
~25 +
1
6
~26) (4.101)
After inserting the values of _W3, and _e5, the derivative of W4 can be written as:
_W5 =  k1e21   k2e22   k3e23   k4e24  
1
1
~1(
_^
1   1 + 1
e5B1)  1
2
~2(
_^
2   2 + 2e5B2)  1
3
~3(
_^
3   3) 
1
4
~4(
_^
4   4)  1
5
~5(
_^
5   5e5x5)  1
6
~6
[
_^
6   6e5(Vref + Vc   Vt)] + e5[^6(Vref + Vc   Vt)+
^5x5   A B1^1  B2^2]
(4.102)
The actual control law and parameter adaptation laws can be designed as follows.
Control law:
Vc =  (^6Ve + ^5x5   A B1^1  B2^2 + k5e5)
^6
(4.103)
Adaptation laws:
_^
1 = 1   1e5B1
_^
2 = 2   2e5B2
_^
3 = 3
_^
4 = 4
_^
5 = 5e4x5
_^
6 = 6e4(Vref + Vc   Vt)
(4.104)
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where Ve = Vref   Vt. Combining equations (4.102)-(4.104), the derivative of W4
becomes
_W4 =  k1e21   k2e22   k3e23   k4e24   k5e25  0 (4.105)
which is negative denite or semi-denite. Therefore, the derived adaptive back-
stepping control law will stabilize the whole system. Simulation studies are carried
out in the following subsection to show the eectiveness of the designed adaptive
backstepping controller for this higher-order model of the SMIB system.
4.4.3 Simulation results
In this subsection, simulations are carried out under several operating conditions
to evaluate the performance of the designed controller on an SMIB system. The
physical parameters of the SMIB system used in the simulation are same while
the additional parameters due to the higher-order model of the SMIB system are
provided in Appendix-9.1. The tuning parameters for the controller are selected
as: k1 = k2 = 5; k3 = 2; k4 = 6, and k5 = 4; and the adaptation gain parameters
are chosen as follows: 1 = 2 = 0:5; 3 = 5; 4 = 2; 5 = 6, and 6 = 4. The
performance of the designed nonlinear adaptive backstepping controller (NABC) is
evaluated by considering the following two cases:
 A symmetrical three-phase short-circuit fault at the terminal of the synchronous
generator and
 A symmetrical three-phase short-circuit fault at the middle of one of the trans-
mission lines.
In both cases, the fault is applied at t=10 s and cleared at t=10.2 s. The performance
is then compared with that of an existing NABC (ENABC) as proposed in [29].
 Case 1: Controller performance in the case of a three-phase short-
circuit fault at the terminal of the synchronous generator
In this case, the three-phase short-circuit fault is applied at 10 s and cleared at 10.2
s. Fig. 4.21 shows the terminal voltage response of the synchronous generator from
where it can be seen that the designed NABC (black line) stabilizes the terminal
voltage in a faster way as compared to an ENABC (blue line). The speed deviation
response of the synchronous generator is shown in Fig. 4.22 from where it can be
seen that both controllers provide the zero speed deviation but the convergence
speed of the designed NABC (black line) is much faster than the ENABC (blue
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Figure 4.21. Terminal voltage of the synchronous generator in case of a three-phase
short-circuit fault at the terminal of the synchronous generator
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Figure 4.22. Speed deviation of the synchronous generator in case of a three-phase
short-circuit fault at the terminal of the synchronous generator
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Figure 4.23. Rotor angle of the synchronous generator in case of a three-phase short-
circuit fault at the terminal of the synchronous generator
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Figure 4.24. Output power of the synchronous generator in case of a three-phase short-
circuit fault at the terminal of the synchronous generator
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Figure 4.25. Terminal voltage of the synchronous generator in case of a three-phase
short-circuit fault at the middle of a transmission line
line). Due to a three-phase short-circuit fault at the generator terminal, the rotor
angle of the generator will oscillate and the system will settle down to a steady-state
operating point after clearing the fault. The rotor angle response of the synchronous
generator is shown in Fig. 4.23 which settles down to its pre-fault value after clearing
the fault. The designed NABC (black line) provides better damping as compared
to the ENABC (blue line). The active power response of the synchronous generator
is shown in Fig. 4.24 from where it is obvious that there is less oscillation with the
designed NABC (black line) as compared to ENABC (blue line).
 Case 2: Controller performance in the case of a three-phase short-
circuit fault at the middle of one of the transmission lines
The performance of the designed control scheme is also tested when a three-phase
short-circuit fault occurs at the middle of one of the two parallel transmission lines.
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Figure 4.26. Speed deviation of the synchronous generator in case of a three-phase
short-circuit fault at the middle of a transmission line
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Figure 4.27. Rotor angle of the synchronous generator in case of a three-phase short-
circuit fault at the middle of a transmission line
In this case, the terminal voltage will not be zero during the fault period as shown
in Fig. 4.25. From Fig. 4.25, it is clear that the designed NABC (black line) acts
much faster way as compared to the ENABC (blue line). The corresponding speed
deviation and rotor angle responses are shown in Fig. 4.26 and Fig. 4.27, respectively.
It can be seen that when the designed NABC (black line) is used, the speed deviation
and rotor angle responses have much smaller oscillations and these oscillations are
damped out in a faster way than the ENABC (blue line). The corresponding output
power response of the synchronous generator is shown in Fig. 4.28.
From simulation results, it is obvious that the designed NABC provides better
performance in terms of settling time and oscillation damping as compared to the
existing controller. However, the eects of external disturbances are neglected during
the design procedure of the designed NABC controller though external disturbances
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Figure 4.28. Output power of the synchronous generator in case of a three-phase short-
circuit fault at the middle of a transmission line
signicantly aect the stability of power systems. To overcome this limitation of this
excitation controller, a robust adaptive excitation controller is presented in the next
section where the controller is designed by considering both parametric uncertainties
and external disturbances.
4.5 Robust Adaptive Backstepping Approach for an SMIB
System with Two-Axis Model of the Synchronous
Generator and Excitation System
This section aims to design a robust nonlinear adaptive excitation controller by
considering both parametric uncertainties and external disturbances within a sim-
ilar model of the SMIB system as presented in the previous section. The main
objective of this proposed robust adaptive backstepping excitation controller is to
provide robustness against both parametric uncertainties and external disturbances
in an SMIB system while capturing the dynamics with more accuracies. The pro-
posed robust controller is designed to provide robustness against similar parametric
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uncertainties as discussed in the previous section, i.e., the unknown parameters are
1 =
1
T 0do
2 =  (xd   x
0
d)
T 0do
3 =   1
T 0qo
4 =
(xq   x0q)
T 0qo
5 =   1
TA
6 =
KA
TA
At this instant, the dynamical model of the SMIB system with the two-axis model
of the synchronous generator and external disturbances along with these parametric
uncertainties can be written as follows:
_x1 = x2 + d1
_x2 =   D
2H
x2 +
!0
2H
Pm   !0
2H
(Iqx3 + Idx4) + d2
_x3 =  1x3 + 2Id + 1x5 + d3
_x4 = 3x4 + 4Iq + d4
_x5 = 5x5 + 6(Vref + Vc   Vt) + d5
(4.106)
where d1; d2; d3; d4, and d5 represent external disturbances. The eects of parame-
ter variations and external disturbances are investigated in the following subsection
before designing the proposed robust adaptive backstepping controller. The pro-
posed robust adaptive controller is designed based on this dynamical model and a
simulation study needs to be carried out to demonstrate the eects of variations in
these parameters and external disturbances on the performance of such an SMIB
system. The eects of variations in dierent parameters and external disturbances
are analyzed in the following subsection in order to formulate the control problem.
4.5.1 Problem formulation
The values of d- and q-axes open-circuit transient time constants (T 0do and T
0
qo)
depend on the transient characteristics of power systems. The variation of these
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Figure 4.29. Speed deviation under dierent conditions
parameters aect the stability of the system which can be seen in Fig. 4.29. The
speed deviation response of the synchronous generator connected to an innite bus
is shown in Fig. 4.29 from where it can be seen that the speed deviation has been
aected signicantly due to the variations of T 0do and T
0
qo (blue line). The speed
deviation is severely aected in the two-axis model of the synchronous generator as
compared to that of a one axis-model with the variation of T 0do and external distur-
bances (black line in Fig. 4.29). The speed deviation would be the worst (red line in
Fig. 4.29) when the external disturbances are incorporated into the two-axis model
of the synchronous generator along the variations of T 0do, T
0
qo, and TA. Therefore,
these parameters can be considered as the stability sensitive parameters and totally
unknown in order to design the proposed controller. The proposed controller has
the ability to estimate these unknown parameters while guaranteeing the conver-
gence of several physical properties of the system such as the speed deviation, rotor
angle terminal voltage, and active power delivered by the generator. Therefore, it
is also worthwhile to consider the eects external disturbances during the controller
design process and the dynamical model of the SMIB system as represented by equa-
tion (4.106) is a suitable model to capture these variations in parameters along with
external disturbances. The detailed and step by step controller design process are
shown in the following subsection.
4.5.2 Robust adaptive excitation controller design for an SMIB system
Similar to the previous section, this section aims to obtain the the excitation control
input Vc in order to maintain the stability of the SMIB system as represented by
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equation (4.106). The parameter adaptation laws will be obtained during the design
process of the nal excitation control input Vc . The design procedure is composed
of four distinct steps which are elaborately discussed in the following.
Step 1: The rotor angle is one of the physical properties of the system and the
proposed controller should has the ability to converge the rotor angle tracking error
to zero. The rotor angle tracking error is dened as:
e1 = x1   x1d (4.107)
whose derivative can be written as:
_e1 = _x1 = x2 + d1 (4.108)
Here, x2 is a virtual control variable corresponding to the dynamic of the rotor
angle tracking error which in turns represent the speed deviation of the synchronous
generator. In this case, the CLF can be written as:
W1 =
1
2
e21 (4.109)
whose derivative along with equation (4.108) is
_W1 = e1(x2 +  + d1) (4.110)
At this point, the stabilizing function x2 =  needs to be selected in such a way
that _W1 would be negative semi-denite, _W1  0. Thus, the stabilizing function 
is chosen as follows:
 =  k1e1 (4.111)
where k1 is a design positive constant which is used to tune the output response.
With this stabilizing function, equation (4.110) can be written as:
_W1 =  k1e21 + e1d1 (4.112)
From equation (4.112), it can be seen that _W1 will be negative semi-denite if e1 = 0.
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Step 2: Since x2 and  may not be equal, the speed deviation can be dened
as follows:
e2 = x2    (4.113)
The dynamic of the speed deviation can be written as follows:
_e2 = _x2   _ (4.114)
By taking the derivative of  in equation (4.111), it can be written as:
_ =  k1 _e1 (4.115)
Since _e1 = x2 + d1, equation (4.115) can be rewritten as:
_ =  k1(x2 + d1) (4.116)
Now, substituting the value of _ and _x2 into equation (4.114), it can be written as:
_e2 = d2 + k1(x2 + d1)  D
2H
x2   !0
2H
(Iqx3 + Idx4   Pm) (4.117)
In this case, the second CLF can be written as:
W2 = W1 +
1
2
e22 (4.118)
whose derivative along with equations (4.112) and (4.117) can be written as:
_W2 =  k1e21 + e2(
!0
2H
Pm   D
2H
x2   !0
2H
Idx4 
!0
2H
Iqx3 + k1x2) + e2(d2 + k1d1) + e1d1
(4.119)
Now, the stabilizing functions for x3 = 1, and x4 = 2 can be selected as follows:
1 =
2H
!0Iq
(
!0
2H
Pm   D
2H
x2 + k1x2)
2 =
2H
!0Id
k2e2
(4.120)
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Inserting equation (4.120) into equation (4.119) yields
_W2 =  k1e21   k2e22 + e2(d2 + k1d1) + e1d1 (4.121)
From equation (4.121), it is clear that the rst two terms in _W2 are negative semi-
denite if e1  0 and e2  0 while the third and fourth terms are tolerated at this
step as the decisions are not made yet. The characteristics of the remaining errors
dynamics are discussed in the following steps.
Step 3: Since the stabilizing functions as represented by equation (4.120) are
not the real control inputs, the third and fourth error variables are dened as follows:
e3 = x3   1 (4.122)
e4 = x4   2 (4.123)
The derivative of e3 using the third equation of (4.106) can be written as follows:
_e3 =  1x3 + 2Id + 1x5 + d3   _1 (4.124)
In order to handle the unknown parameters 1 and 2 as appeared in equation (4.124);
it is essential to dene these parameters in term of their estimated values ^1 and
^2, respectively. Now, the estimation errors of these parameters can be dened as:
~i = i   ^i with i = 1; 2. Thus, in terms of estimation errors, equation (4.124) can
be rewritten as follows:
_e3 = (^1 + ~1)(x5   x3) + (^2 + ~2)Id   _1 + d3 (4.125)
Similarly, the dynamic of e4 can be written as follows:
_e4 = (^3 + ~3)x4 + (^4 + ~4)Iq   _2 (4.126)
At this stage, the CLF can be chosen as follows:
W3 = W2 +
1
2
(e23 + e
2
4 +
1
1
~21 +
1
2
~22 +
1
3
~23 +
1
4
~24) (4.127)
where i with i = 1; 2; 3; 4 represents positive coecient and this coecient is called
the adaptation gain. The derivative of W3 along with equations (4.121), (4.125),
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and (4.126) can be written as:
_W3 =  k1e21   k2e22 + e3(^1x5   ^1x3 + ^2Id   _1)
+ e4(^3x4 + ^4Iq   _2) 
~1
1
[
_^
1   1e3(x5   x3)]
 
~2
2
(
_^
2   2e3Id) 
~3
3
(
_^
3   3e4x4)
 
~4
4
(
_^
4   4e4Id) + e1d1 +2e2 + d3e3 + d4e4
(4.128)
where  = d2 + k1d1. In order to eliminate the eects of two positive terms on the
right side of equation (4.128), it is essential to obtain the following expression:
3 =
1
^1
(^1x3   ^2Id + _1   k3e3) (4.129)
^3x4 + ^4Iq   _2 =  k4e4 (4.130)
However, to avoid the over-parametrization caused by appearance of 1; 2; 3; and
4 in the subsequence steps, the adaptation laws will not be used at this step to
update ^1; ^2; ^3; and ^4 while the following tuning functions are dened:
1 = 1e3(x5   x3)
2 = 2e3Id
3 = 3e4x4
4 = 4e4Iq
(4.131)
Using all these expressions from equations (4.129), (4.130), and (4.131), equa-
tion (4.128) will be simplied as follows:
_W3 =  k1e21   k2e22   k3e23   k4e24  
1
1
~1(
_^
1   1) 
1
2
~2(
_^
2   2)  1
3
~3(
_^
3   3)  1
4
~4(
_^
4   4)
+ e1d1 +2e2 + d3e3 + d4e4
(4.132)
It is clear that the rst, second, third, and fourth terms on the right side of equa-
tion (4.132) is negative semi-denite. Since the decision about the estimation of
unknown parameters has not been nalized yet, the fth, sixth, seventh, and eighth
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terms on the right side of equation (4.132) are tolerated at this step and the last four
terms will be canceled in the next step. Now, it is essential to obtain the derivative
of 3 in order to complete the next step which can be written as follows:
_3 = A  1B(x3   x5) + 2BId +Bd3 (4.133)
where
A =
1
^1
( 1   _^2Id   ^2 _Id + k3 _1) 
_^
1
^21
( _1   ^2Id   k3e3)
B = 1  k3
^1
The derivation of the nal control law and parameter adaptation laws along with
the stability as well as robustness analysis of the whole SMIB system are shown in
the following step.
Step 4: In this step, the nal error is dened as:
e5 = x5   3 (4.134)
The dynamic of e5 along with the last equation of (4.106) and equation (4.133) can
be written as follows:
_e5 = 5x5 + 6(Vref + Vc   Vt)  A+ 1B(x3   x5)  2BId
 Bd3 + d5
(4.135)
and in terms of estimation errors, equation (4.135) can be rewritten as:
_e5 = (^5 + ~5)x5 + (^6 + ~6)(Vref + Vc   Vt) Bd3 + d5
  A+B(^1 + ~1)(x3   x5) BId(^2 + ~2)
(4.136)
The original control input Vc appears in equation (4.136). At this point, the main
purpose is to calculate the Vc so that the errors e1; e2; e3; e4, and e5 converge to zero
as t ! 1. For this purpose, the nal CLF of the whole system can be selected as
follows:
W4 =W3 +
1
2
(e25 +
1
5
~25 +
1
6
~26) (4.137)
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whose derivative along with the values of _W3 and _e5 can be written as:
_W4 =  k1e21   k2e22   k3e23   k4e24  
1
1
~1[
_^
1 + 1   1e5B(x3   x5)]
  1
2
~2(
_^
2   2 + 2e5BId)  1
3
~3(
_^
3   3)  1
4
~4(
_^
4   4)
  1
5
~5(
_^
5   5e5x5)  1
6
~6[
_^
6   6e5(Vref + Vc   Vt)]
+ e5[^6(Vref + Vc   Vt) + ^5x5   A B^1(x3   x5) B^2Id]
+ e1d1 +2e2 + d3e3 + d4e4 +5e5
(4.138)
where 5 = d5   Bd5. Now, in order to eliminate the inuences of ~1; ~2; ~3; ~4; ~5;
and ~6 in _W4, the nal adaptation laws can be chosen as follows:
_^
1 =  1 + 1e5B(x3   x5)
_^
2 = 2   2e5BId
_^
3 = 3
_^
4 = 4
_^
5 = 5e5x5
_^
6 = 6e5(Vref + Vc   Vt)
(4.139)
With these adaptation laws, equation (4.138) can be simplied as follows:
_W4 =  k1e21   k2e22   k3e23   k4e24 + e5[^6(Vref + Vc   Vt) + ^5x5
  A B^1(x3   x5) B^2Id] + e1d1 +2e2 + d3e3 + d4e4 +5e5
(4.140)
from where the actual excitation control law can be derived as follows:
Vc =   1
^6
[^5x5 + ^6(Vref + Vc   Vt)  A B^1(x3   x5) B^2Id   k5e5
+ e5F5sgn(e5)]  e1F1sgn(e1)  e2F2sgn(e2)  e3F3sgn(e3)  e4F4sgn(e4)
(4.141)
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Figure 4.30. Implementation block diagram of the proposed control scheme
where sgn is the signum function which can be written as follows:
sgn(e) =
8>>><>>>:
+1 if e > 0
0 if e = 0
 1 if e < 0
(4.142)
The external disturbances (d1; 2; d3; d4; 5) are assumed to be bounded by
known positive constants F1; F2; F3; F4, and F5 that is, j d1 j F1, j 2 j F2,
j d3 j F3, j d4 j F4, and j 5 j F5. In such cases, equation (4.140) can be
rewritten as:
_W4 =  k1e21   k2e22   k3e23   k4e24   k5e25 + e1(d1   F1sgn(e1))+
e2(2   F2sgn(e2)) + e3(d3   F3sgn(e3)) + e4(d4   F4sgn(e4))
+ e5(5   F5sgn(e5))
(4.143)
Under the conditions of j d1 j F1, j 2 j F2, j d3 j F3, j d4 j F4, and
j 5 j F5, equation (4.143) will be negative semi-denite. Therefore, the derived
robust adaptive backstepping control law stabilizes the whole system. Simulation
studies are conducted in the following subsection to show the eectiveness of this
designed controller.
4.5.3 Controller performance evaluation
The performance of the designed controller is tested on a similar SMIB system as
discussed in previous section. Although the calculations involve to obtain the con-
trol law is quite complicated, the implementation of the designed controller is quite
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straightforward. The implementation block diagram of the designed controller is
shown in Fig. 4.30. From the implementation block diagram, it can be seen that the
online parameter estimators are used to estimate the unknown parameters where
the estimation normally starts from some initial values. The estimator continu-
ously uses the control signal along with some measured physical properties and
updates the parameters until the steady-state values of the desired control objec-
tives are achieved. Finally, the control law is applied to the excitation system of
the synchronous generator. The tuning parameters for the designed controller are
considered as: k1 = 5; k2 = 7; k3 = 2; k4 = 4, and k5 = 8; while the adaptation
gain parameters are chosen as: 1 = 2 = 2; 3 = 5; 4 = 10; 5 = 6, and 6 = 8.
The external disturbances within the SMIB system model are considered to investi-
gate the performance of the designed nonlinear robust adaptive excitation controller
(NRAEC). The eectiveness of the designed NRAEC is analyzed by considering the
following two cases:
 A symmetrical three-phase short-circuit fault at the terminal of the synchronous
generator and
 A symmetrical three-phase short-circuit fault at the middle of one of the trans-
mission lines.
In both cases, the fault is applied at t=8 s and cleared at t=8.2 s. The performance
of the designed controller is also compared with an existing NRAEC (ENRAEC) as
proposed in [60].
 Case 1: Controller performance in case of a three-phase short-circuit
fault at the synchronous generator terminal
The terminal voltage response of the synchronous generator, which is used in the
SMIB system, settles down to the pre-fault steady-state condition very quickly after
clearing the three-phase short-circuit fault when the designed NRAEC is used (black
line in Fig. 4.31). However, the ENRAEC exhibits oscillating terminal voltage for a
longer period as compared to the NRAEC (blue line). The output power as shown
in Fig. 4.32 shows the similar characteristics. Thus, the designed NRAEC stabilizes
the terminal voltage and output power responses in a faster way as compared to the
ENRAEC.
At the normal operating condition, the synchronous generator operates at syn-
chronous speed, i.e., the speed deviation will be zero. The speed deviation response
of the synchronous generator is shown in Fig. 4.33 from where it can be seen that the
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Figure 4.31. Terminal voltage of the synchronous generator in case of a three-phase
short-circuit fault at the terminal of the synchronous generator
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Figure 4.32. Output power of the synchronous generator in case of a three-phase short-
circuit fault at the terminal of the synchronous generator
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Figure 4.33. Speed deviation of the synchronous generator in case of three-phase short-
circuit fault at terminal of synchronous generator
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Figure 4.34. Rotor angle of the synchronous generator in case of a three-phase short-
circuit fault at the terminal of the synchronous generator
speed deviation is disturbed during the faulted period. However, both controllers
maintain zero speed deviation and the convergence speed of the designed NRAEC
(black line) is much faster than the ENRAEC (blue line).
Due to the application of this severe three-phase short-circuit fault, the rotor
angle of the synchronous generator will also exhibit oscillating characteristics during
the fault as well as even after the clearance of the fault, i.e., before settling down
to the original steady-state operating point. The designed NRAEC (see Fig. 4.34)
settles the rotor angle to its steady-state value as soon as the fault is cleared while
the ERAEC takes some times to achieve the steady-state.
The corresponding parameters estimation is shown in Fig. 4.35 from where it
can be seen that the controller estimates the unknown parameters in a very eective
way though these values are being aected during the transient conditions.
 Case 2: Controller performance in the case of a three-phase short-
circuit fault at the middle of one of the transmission lines
In this fault condition, the terminal voltage and output power will not be zero
though these will be disturbed as shown in Fig. 4.36 and Fig. 4.37, respectively.
From Fig. 4.36 and Fig. 4.37, it can be observed that the designed NRAEC (black
line) acts much faster way as compared to the ENAEC (blue line). Similarly, the
speed deviation and rotor angle of the synchronous generator will quickly settle
down to their pre-fault steady-state conditions as soon as the fault will be cleared
and these can easily be seen from Fig. 4.38 and Fig. 4.39. The corresponding param-
eter estimation is shown in Fig. 4.40 which also indicates the parameter estimation
capability of the designed control scheme under dierent operating scenarios.
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Figure 4.35. Estimation of unknown parameters in case of a three-phase short-circuit
fault at the terminal of the synchronous generator
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Figure 4.36. Terminal voltage of the synchronous generator in case of a three-phase
short-circuit fault at the middle of a transmission line
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Figure 4.37. Output power of the synchronous generator in case of a three-phase short-
circuit fault at the middle of a transmission line
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Figure 4.38. Speed deviation of the synchronous generator in case of a three-phase
short-circuit fault at the middle of a transmission line
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Figure 4.39. Rotor angle of the synchronous generator in case of a three-phase short-
circuit fault at the middle of a transmission line
From the above case studies, it is obvious that the designed NRAEC provides
better performance in terms of maintaining the desired terminal voltage, active
power, speed deviation, and rotor angle as compared to the existing NRABC.
The excitation controllers so far discussed in this chapter have the ability to
maintain the transient stability of the SMIB system when the output power of the
synchronous generator is xed. However, the output power of the synchronous
generator changes to match with the continuously changing load demand, In this
case, the designed controllers are unable to maintain the stability of the SMIB
system. Therefore, it is essential to design the proposed controller in such a way
that it has the ability to cope with the change in the load demand. The output
power of the synchronous generator can be regulated by regulating the mechanical
power input to the synchronous generator which can be done through the steam-
valve controller in the excitation system. By considering this, a coordinated adaptive
control scheme is presented in the following section where the coordination is made
between the excitation and steam-valve controllers to handle any situation during
the operation of the SMIB system.
4.6 Adaptive Backstepping Approach for Coordinated
Excitation and Steam-Valve Position Control of the
SMIB System
The control of excitation and steam-valve systems plays an important role to main-
tain the transient stability of power systems with synchronous generators when
power systems are subjected to large disturbances and sudden load changes. To
Section 4.6 Adaptive Backstepping Approach for Coordinated Excitation and
Steam-Valve Position Control of the SMIB System 121
Time (s)
0 2 4 6 8 10 12
 1
 h
at
0
0.2
0.4
0.6
0.8
Time (s)
0 2 4 6 8 10 12
 2
 h
at
-1.5
-1
-0.5
0
Time (s)
0 2 4 6 8 10 12
 3
 h
at
-8
-6
-4
-2
0
Time (s)
0 2 4 6 8 10 12
 4
 h
at
0
2
4
6
Time (s)
0 2 4 6 8 10 12
 5
 h
at
-5000
-4000
-3000
-2000
-1000
0
Time (s)
0 2 4 6 8 10 12
 6
 h
at
105
0
1
2
3
4
(b)
(d)
(f)
(a)
(c)
(e)
Figure 4.40. Estimation of unknown parameters in case of a three-phase short-circuit
fault at the middle of a transmission line
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tackle this situation, in this section, the proposed excitation and steam-valve con-
trollers are designed in a coordinated manner so that they can work under several
and most severe operating conditions. The excitation and steam-valve controllers
are designed separately for an SMIB system and the coordination is then made
between these two controllers by considering dierent operating scenarios. In this
section, the excitation controller is designed based on the classical third-order model
of the synchronous generator while the steam-valve controller is designed based on
the second-order model of the turbine governor system. As the classical third-order
model has already been presented in earlier of this chapter, it has not been repeated
here.
The output power from the turbine is controlled by the position of the valve
which controls the ow of steam to the turbine. The valve position of the turbine is
controlled by the output signal of the turbine controller. As mentioned earlier in this
thesis, the turbine-governor unit can be represented by the following equations [190]:
_Pm =  Pm
TT
+
KT
TT
XE
_XE =  XE
TG
+
KG
TG
PC   KG
Rr!0TG
!
(4.144)
Based on the classical model of the synchronous generator in the SMIB system and
the turbine-governor model as represented by equation (4.144), the control problems
are formulated in the following subsection.
4.6.1 Control problem formulation
The controllers are designed by considering some of the critical parameters which
aect the overall stability of power systems. The damping coecient (D), inertia
constant (H), the mechanical power input the synchronous generator (Pm), and
direct-axis transient reactance (x0d) are considered as unknown for the purpose of
designing the excitation controller. These unknown parameters can be represented
as follows:
1 =   D
2H
; 2 =
!0Pm
2H
; 3 =   !0
2H
; and 4 =
xd   x0d
Tdo
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With these unknown parameters, the third-order SMIB system can be written as
follows:
_x1 = x2
_x2 = 1x2 + 2 + 3Iqx3
_x3 =   1
T 0d
x3 + 4Id +
1
Tdo
Efd
(4.145)
where ; !   !0, and E 0q are considered as x1; x2, and x3 respectively.
Now, if all constants related to the turbine-governor system are considered as
unknown, it can be written as:
5 =   1
TT
; 6 =
KT
TT
; 7 =   1
TG
; 8 =
KG
TG
; and 9 =   KG
Rr!0TG
where 5; 6; 7; 8, and 9; represent the unknown parameters. With these unknown
parameters, the turbine-governor system as represented by equation (4.144) can be
written as follows:
_x4 = 5(x4 + Pmo) + 6x5
_x5 = 7x5 + 8PC + 9(x2 + !0)
(4.146)
where x4 = Pm   Pmo and x5 = XE. The design of a nonlinear adaptive excitation
and steam-valve controllers are shown in the following subsections.
4.6.2 Derivation of the excitation control input
The excitation control input Efd needs to be obtained using the nonlinear adaptive
backstepping control scheme and the following steps are used to determine this
excitation control law.
Step 1: According to the design purpose, the tracking error for the rotor angle
can be dened as follows:
z1 = x1   x1d (4.147)
where x1d is the desired rotor angle. After taking derivative, the dynamic of z1 can
be written as follows:
_z1 = _x1 = x2 (4.148)
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Here, x2 is assumed as a virtual control variable which is used to stabilize the
dynamic of the rotor angle tracking error. The stability of the rotor angle error
dynamic using x2 can be analyzed with the following control Lyapunov function
(CLF):
W1 =
1
2
z21 (4.149)
whose derivative can be written as:
_W1 = z1 _z1 (4.150)
The substitution of the value of _W1 into equation (4.150) yields
_W1 = z1x2 (4.151)
The synthetic value for x2 is chosen to stabilize equation (4.148) as follows:
1 =  k1z1 (4.152)
where k1 is a gain which is always positive and used to tune the output response.
With this stabilizing function, equation (4.151) reduces to
_W1 =  k1z21  0 (4.153)
which is negative semi-denite and indicates stability of the rotor angle error dy-
namic. Further steps are essential to analyze the characteristics of remaining control
stabilizing functions.
Step 2: Since x2 = 1, the error representing the speed deviation can be written
as follows:
z2 = x2   1 (4.154)
whose derivative is
_z2 = 1x2 + 2 + 3Iqx3   _1 (4.155)
From equation (4.152), the derivative of 1 can be written as follows:
_1 =  k1 _z1 =  k1x2 (4.156)
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Substituting equation (4.156) into equation (4.155), it can be written as:
_z2 = 1x2 + 2 + 3Iqx3 + k1x2 (4.157)
Since 1, 2, and 3 are unknown parameters, equation (4.157) can be rewritten as
follows:
_z2 = ^1x2 + x2(1   ^1) + ^2 + (2   ^2) + ^3Iqx3
+ (3   ^3)Iqx3 + k1x2
(4.158)
where ^1, ^2, and ^3 are the estimated values of corresponding unknown parameters.
Equation (4.158) can be stabilized with the following CLF:
W2 = W1 +
1
2
z22 +
1
21
(1   ^1)2 + 1
22
(2   ^2)2
+
1
23
(3   ^3)2
(4.159)
where i with i = 1; 2; 3 is a positive coecient which is also known as parameter
adaptation gain. Here, the derivative of W2 can be calculated as follows:
_W2 = _W1 + z2 _z2   1
1
(1   ^1) _^1   1
2
(2
  ^2) _^2   1
3
(3   ^3) _^3
(4.160)
Using the values of _W1 and _z2 from equations (4.153) and (4.158), respectively,
equation (4.160) can be written as follows:
_W2 =  k1z21 + z2(^1x2 + ^2 + Iqx3^3 + k1x2)
  (1   ^1) 11 ( _^1   1z2x2)  (2   ^2) 12
(
_^
2   2z2)  (3   ^3) 13 ( _^3   3z2x3Iq)
(4.161)
At this point, the stabilizing function for x3 can be selected as follows:
2 =   1
Iq^3
(^1x2 + ^2 + k1x2 + k2z2) (4.162)
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and equation (4.161) can be written as follows:
_W2 =  k1z21   k2z22   (1   ^1) 11 ( _^1   1) 
(2   ^2) 12 ( _^2   2)  (3   ^3) 13 ( _^3   3)
(4.163)
where 1, 2, and 3 are tuning functions which can be dened as follows:
1 = 1z2x2
2 = 2z2
3 = 3z2Iqx3
(4.164)
From equation (4.163), it can be seen that the rst two terms are negative denite
and the last three terms are tolerated at this step as the nal decisions for estimating
^1, ^2, and ^3 are not taken yet and the overall stability of the closed-loop system
will be ensured in the next step. In the next step, it is essential to use the value of
_2 which can be obtained as:
_2 = A+B + E1 + F2 +G3 + J (4.165)
where
A =
_^
3(^1x2 + ^2 + k1x2 + k2z2)
Iq^23
B =
_Iq(^1x2 + ^2 + k1x2 + k2z2)
I2q ^3
E =  x2(^1 + k1 + k2)
Iq^3
F =  (^1 + k1 + k2)
Iq^3
G =  x3(^1 + k1 + k2)
^3
J =  
_^
2 + k1k2x2 +
_^
1x2
I2q ^3
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The characteristics of the remaining error dynamic along with the stability of the
whole SMIB system are provided in the following step.
Step 3: The nal error variable can be dened as follows:
z3 = x3   2 (4.166)
whose derivative is
_z3 = _x3   _2 (4.167)
Substituting the values of _x3 and _2 into equation (4.167), it can be written as:
_z3 =   1
T 0d
x3 + 4Id +
1
Tdo
Efd   A B   E1
  F2  G3   J
(4.168)
In terms of estimation errors, equation (4.168) can be written as follows:
_z3 =   1
T 0d
x3 + ^4Id +
1
Tdo
Efd   A B
  E^1   F ^2  G^3   J + Id(4   ^4)
  E(1   ^1)  F (2   ^2) G(3   ^3)
(4.169)
The original excitation control input Efd appears in equation (4.169). At this point,
the main objective is to obtain the original control input Efd in such a way that z1,
z2 and z3 converge to zero as t!1. For this purpose, the nal CLF can be chosen
as follows:
W3 =W2 +
1
2
z23 +
1
24
(4   ^)24 (4.170)
whose derivative can be written as follows:
_W3 =  k1z21   k2z22 + z3( 
1
T 0d
x3 + ^4Id +
1
Tdo
Efd
  A B   E^1   F ^2  G^3   J)  (1   ^1) 11
(
_^
1   1 + 1Ez3)  (4   ^4) 14 ( _^4   4Idz3)
  (2   ^2) 12 ( _^2   2 + 2Fz3)  (3   ^3) 13 ( _^3   3 + 3Gz3)
(4.171)
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Now, the excitation control input and parameter adaptation laws are selected in
such a way that _W3  0. This would happen if Efd is selected as follows:
Efd =  Tdo( 1
T 0d
x3   ^4Id + A+B + E^1   F ^2 +G^3 + J   k3z3) (4.172)
and the parameter adaptation laws for ^1; ^2; ^3, and ^4 are selected as follows:
_^
1 = 1   1Ez3
_^
2 = 2   2Fz3
_^
3 = 3   3Gz3
_^
4 = 4Idz3
(4.173)
Finally, equation (4.171) reduces to
_W3 =  k1z21   k2z22   k3z23  0 (4.174)
which indicates the stability of the whole SMIB system and this excitation controller
can be used for maintaining the transient stability of power systems under severe
disturbances. The design of the steam-valve controller is shown in the following
subsection.
4.6.3 Derivation of the steam-valve position control input
In this subsection, the adaptive backstepping design approach is used to obtain the
steam-valve control input PC with the following steps.
Step 1: The error in mechanical power input can be dened as follows:
z4 = x4   x4d (4.175)
The dynamic of z4 can be written as:
_z4 = _x4 = 5(x4 + Pmo) + 6x5 (4.176)
In terms of estimation errors, equation (4.176) can be written as follows:
_z4 = ^5(x4 + Pmo) + ^6x5 + (x4 + Pmo)(5   ^5) + x5(6   ^6) (4.177)
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where ^5 and ^6 represent the estimated values of unknown parameters 5 and 6,
respectively. In equation (4.177), x5 is the virtual control variable to stabilize the
dynamic of z4 and the stability can be analyzed with the following CLF:
W4 =
1
2
z24 +
1
25
(5   ^)25 +
1
26
(6   ^)26 (4.178)
where 5 and 6 are adaptation gains. The derivative ofW4 can be written as follows:
_W4 = z4 _z4    15 (5   ^5) _^5    16 (6   ^6) _^6 (4.179)
Inserting the value of _z4 into equation (4.179), it can be written as:
_W4 = z4(^5(x4 + Pmo) + ^6x5)  (5   ^5) 15 ( _^5
  5z4)  (6   ^6) 16 ( _^6   6z4)
(4.180)
At this stage, the stabilizing function for x5 can be chosen as follows:
3 =   1
^6

^5(x4 + Pmo) + k4z4

(4.181)
Inserting equation (4.181) into equation (4.180) yields
_W4 =  k4z24   (5   ^5) 15 ( _^5   4)  (6   ^6) 16 ( _^6   5) (4.182)
where 4 and 5 are tuning functions which can be dened as follows:
4 = 5z4
5 = 6z4
(4.183)
From equation (4.182), it can be seen that the rst term is negative denite and
the last three terms are tolerated at this step as the nal decisions for estimating ^5
and ^6 and the overall stability of the closed-loop system will be ensured in the next
step. In the next step, it is essential to use the value of _3 which can be obtained
as follows:
_3 = + 5 + 6 (4.184)
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where
 =  
_^
5
^6
(x4 + Pmo)
+

^5(x4 + Pm0) + k4z4

_^
6
^26
 =  
 
^5
^6
+
k4
^6
!
(x4 + Pmo)
 =  
 
^5
^6
+
k4
^6
!
x5
The following step is used to analyze the characteristics of the nal error dynamic
related to the turbine-governor system.
Step 2: The error related to the opening of the steam-valve system can be
dened as follows:
z5 = x5   3 (4.185)
whose derivative can be written as follows:
_z5 = 7x5 + 8PC + 9(x2 + !0)    5   6 (4.186)
By incorporating the parameter estimation errors, equation (4.186) can be written
as:
_z5 = ^7x5 + ^8PC + ^9(x2 + !0)    ^5
  ^6 + x5(7   ^7) + PC(8   ^8)
+ (x2 + !0)(9   ^9)  (5   ^5)  (6   ^6)
(4.187)
The original steam-valve control input PC can be calculated based on equation (4.187)
in such a way that z4 and z5 converge to zero as t!1. In this case, the nal CLF
can be chosen as follows:
W5 =W4 +
1
2
z25 +
1
27
(7   ^7)2 + 1
28
(8   ^8)2 + 1
29
(9   ^9)2 (4.188)
Section 4.6 Adaptive Backstepping Approach for Coordinated Excitation and
Steam-Valve Position Control of the SMIB System 131
The dynamic of W5 can be written as follows:
_W5 = _W4 + z5 _z5    17 (7   ^7) _^7    18 (8   ^8) _^8    19 (9   ^9) _^9 (4.189)
Using the values of _z5 and _W4, equation (4.189) can be written as:
_W5 =  k4z24 + z5(^7x5 + ^8PC + ^9(x2 + !0)
    ^5   ^6)  (5   ^5) 15 ( _^5
  4 + 5z5)  (6   ^6) 16 ( _^6   5 + 6z5)
  (7   ^7) 17 ( _^7   7x5z5)  (8   ^8) 18 ( _^8
  8PCz5)  (9   ^9) 19 ( _^9   9(x2 + !0)z5)
(4.190)
The actual steam-valve control input and parameter adaptation laws can be de-
signed as follows.
Control law:
PC =   1
^8
(x57 + (x2 + !0)^9     ^5   ^6 + k5z5) (4.191)
Adaptation laws:
_^
5 = 4   5z5
_^
6 = 5   6z5
_^
7 = 7z5x5
_^
8 = 8z5PC
_^
9 = 9z5(x2 + !0)
(4.192)
Substituting equations (4.191) and (4.192) into equation (4.190), the derivative of
W5 becomes
_W5 =  k4z24   k5z25  0 (4.193)
Equation (4.193) clearly indicates the asymptotic stability of the whole SMIB system
for the steam-valve controller and thus, the designed controller can be implemented
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to match the changes in load demands, i.e., changes in the output power of the
synchronous generator. The coordination mechanisms between the excitation and
steam-valve controllers are discussed in the following subsection.
4.6.4 Coordination between excitation and steam-valve controllers
In order to guarantee the transient stability of the SMIB during severe faults and
sudden changes in the output power of the synchronous generator, a coordination
strategy between the two control actions is essential. In this thesis, the coordination
scheme is developed based on the following criterions:
 Criteria 1: Only steam-valve controller is active
When the load demand in the system changes, the output power (Pe) of the syn-
chronous generator should be adjusted through the steam-valve action in order to
match the change. If there are no faults within the network, only the steam-valve
controller will work and the excitation controller does not need to react provided
that the voltage stability is maintained.
 Criteria 2: Only excitation controller is active
When the load demand in the system remains constant but there are external faults,
the output power (Pe) of the synchronous generator will be constant and the steam-
valve action does not require at this instant. However, the excitation controller
will act to maintain the steady-state operation of the SMIB by providing additional
damping.
 Criteria 3: Excitation and steam-valve controllers are active
When there exist both faults and changes in loads at the same time, it is essential
to act both controllers together so that the transient stability of the system can be
maintained.
By considering all these criterions, the eectiveness of the designed coordinated
control scheme is evaluated in the following subsection.
4.6.5 Controller performance evaluation
The performances of the designed nonlinear coordinated adaptive backstepping con-
troller (CABC) are evaluated under two dierent scenarios to demonstrate the
improvement in the transient stability through the illustration of dierent physi-
cal responses of the synchronous generator such as rotor angle, terminal voltage,
synchronous speed, and active power comparing with a non-coordinated controller
(NCC).
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Figure 4.41. Terminal voltage response of the synchronous generator
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Figure 4.44. Active output power response of the synchronous generator
In the rst scenario, the performance of the designed CABC is evaluated for the
most severe disturbance which is the combination of a three-phase short-circuit fault
at the generator terminal and changes in output power of the synchronous generator.
The fault is applied at the generator terminal of the synchronous generator at t =
15 s and subsequently cleared at t = 15.2 s. At the same time, the output power of
the synchronous generator changes from its nominal value 0.8 pu to 0.9 pu.
Fig. 4.41 shows the terminal voltage response of the synchronous generator from
where it can be seen that the CABC triggers both the excitation and steam-valve
controllers to stabilize the post-fault terminal voltage to the pre-fault steady-state
condition. From Fig. 4.41, it can also be seen that the CABC (black solid line)
achieves the pre-fault steady-state operation in a quicker way than the NCC (red
dashed line). The speed deviation response of the synchronous generator is shown in
Fig. 4.42. It can be seen that coordinated and non-coordinated controllers achieve
zero speed deviation but the convergence speed of the CABC (black solid line) is
much faster than that of the NCC (dotted red line). Fig. 4.43 shows the correspond-
ing rotor angle response which clearly shows that the rotor angle (solid line) settles
to a new operating point within few cycles after clearance of the fault when the
proposed control scheme is used but the oscillations in the rotor angle continue for
a longer period with the NCC. The consequences on mechanical power input and
electrical power output of the synchronous generator are shown in Fig. 4.44. From
Fig. 4.44, it is clear that the CABC rapidly tackles the change in mechanical power
input and the three-phase short-circuit fault in a very ecient way as compared to
the NCC.
Section 4.7 Chapter Summary 135
4.7 Chapter Summary
The adaptive and robust adaptive excitation controllers are designed using the re-
cursive backstepping method for both a classical third-order model as well as for
a higher-order model of the synchronous generator in an SMIB system. Since the
parameters appearing within these dynamical models (especially the parameters re-
lated to the synchronous generators and excitation systems) signicantly aect the
stability of power systems, these parameters are considered as completely unknown
during the proposed controller design process. The designed parameter adapta-
tion laws have the ability to estimate the unknown parameters dynamically of the
synchronous generator while guaranteeing the stability of the SMIB system. The
designed excitation controllers are also robust against external disturbances up to
certain upper bounds. The control Lyapunov functions (CLFs) are used to ana-
lyze the stability of the system during the dierent steps of the controller design
process. The negative semi-deniteness of the derivative of the nal CLF ensures
the theoretical stability of the whole system with the designed excitation controller.
The performance of the designed adaptive and robust adaptive excitation controllers
are evaluated on an SMIB system under dierent operating situations. Simulation
results under dierent operating conditions clearly indicate that the designed exci-
tation controllers outperform the existing nonlinear excitation controllers and the
PSS in terms of settling time and damping oscillations. Finally, a coordination
mechanism is presented to ensure the coordinated operation between the excitation
and steam-valve controllers. The coordination is mainly done to tackle the load
variations in terms of the changes in the output power of the synchronous genera-
tor. Simulation results under dierent operating conditions clearly demonstrate the
eectiveness of the designed coordinated controller in terms of achieving the desired
control objectives. However, the structures of real power systems include multiple
synchronous generators and therefore the next chapter presents the controller design
for dierent power system models incorporating multiple synchronous generators.
Chapter 5
Nonlinear Adaptive and Robust Adaptive
Controller Design for Multimachine
Power Systems
This chapter aims to design excitation controllers for multimachine power systems
by considering dierent models of power systems. In this chapter, the adaptive and
robust adaptive backstepping approaches are used to design excitation controllers
based on the third-, fourth-, and fth-order models. This chapter also includes an
adaptive backstepping coordinated controller to coordinate between the excitation
and steam-valve controllers where the excitation controller is designed by consider-
ing the third-order model of the synchronous generator and second-order model of
the turbine-governor system. The performance of the designed controllers is evalu-
ated on a multimachine power system under dierent operating conditions such as
short-circuit faults (both at the terminal of the generator and middle of the trans-
mission line), changes in the mechanical power input to the generator, tripping one
of the important transmission lines, and inclusion of external disturbances along
with measurement noises. To evaluate the eectiveness of the proposed excitation
controllers, the performance of the designed excitation controllers is compared with
an existing nonlinear excitation controller and power system stabilizer (PSS).
5.1 Introduction
Power systems are large complex systems with highly nonlinear dynamics and there-
fore, it is important to consider the power system models with multiple synchronous
generators. The controller design and stability analysis of multimachine power sys-
tems provide more insights about practical operations. Therefore, this chapter fo-
cuses to design excitation controllers along with the steam-valve position control for
synchronous generators in multimachine power systems. Excitation controllers are
used to enhance the transient stability of power systems during the severe transients.
The main objective of this excitation controller is to provide adequate damping into
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the system by modulating the excitation control signal. Since the operating points of
power systems change continuously during the operation, the excitation controllers
need to be designed in such a way that the transient stability is ensured under all
operating conditions.
Traditionally, power system stabilizers (PSSs) are widely used to modulate the
excitation control signals in power systems where the main control objective is to
provide additional damping into the system in order to enhance the stability mar-
gin [14, 191]. PSSs are mainly designed based on the linearized models of power
systems and used to eliminate low-frequency oscillations due to small disturbances
(e.g., slight variations in load demands). However, these PSSs are not capable to
provide adequate damping when power systems are subjected to large disturbances,
e.g., large changes in load demands, sudden short-circuit faults, etc. Apart from
these, the linearization of multimachine power systems requires the interconnections
information and in reality, it is tremendously hard to know the exact interconnec-
tions of dierent components in power systems. Therefore, the excitation controllers
which are designed for specic interconnections will not work properly for other in-
terconnections [4]. Thus, it is essential to design the excitation controllers in such
a way that these controllers are independent of the interconnections along with the
operating points.
Nonlinear control techniques allow to design controllers which are independent
of operating points. Therefore, nonlinear control techniques can be used to design
excitation controllers in order to overcome the limitations of operating points for
linear excitation controllers. Since this chapter mainly focuses on the design of
excitation controllers for multimachine power systems, the literature only for mul-
timachine power systems, to design nonlinear excitation controllers, are presented
in this chapter. The nonlinear excitation controllers for multimachine power sys-
tems are designed using quite a similar method to that of the SMIB system. These
methods of designing nonlinear excitation controllers are mainly nonlinear feedback
linearization [5, 30], sliding mode control (SMC) scheme [33, 44, 73, 192{195], model
predictive control (MPC) scheme [196, 197], and recursive backstepping technique
including adaptive as well as robust adaptive [58,59,61,198{202].
The feedback linearization scheme is widely used to design an excitation con-
troller for multimachine power systems in order to enhance the transient stability [2].
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The existing literature of excitation controllers design using the feedback lineariza-
tion technique includes three dierent forms such as direct feedback linearization
(DFBL), exact feedback linearization (EFBL), and partial feedback linearization
(PFBL). The DFBL approach uses the state transformations to obtain the excita-
tion control input [39,203] while the EFBL uses nonlinear coordinate transformations
to serve similar purposes [2]. The excitation control inputs based on both DFBL
and EFBL require the measurements of rotor angles of synchronous generators as
these rotor angles are used as one of the feedback signals to controllers. However,
the rotor angles of the synchronous generator are not available from direct measure-
ments. Therefore, both DFBL and EFBL approaches require additional observers
to estimate the rotor angle [34]. But the design of the state observers for nonlinear
excitation controllers is not a cost-eective way though this can be eliminated by us-
ing partial feedback linearization [3]. The PFBL approach overcomes the limitations
of the rotor angle measurements in DFBL and EFBL schemes as it does not use the
rotor angle as the feedback variable while providing more damping as compared to
other feedback linearizing controllers [3]. However, the excitation controller in [3]
using the PFBL technique is designed based on the simplied third-order model of
synchronous generators which does not capture some important properties. In [42],
a fth-order dynamical model is used to design a robust excitation controller based
on the PFBL approach by considering the two-axis model of synchronous generators
along with the dynamic of the excitation system. The excitation controller in [42]
provides robustness against parametric and state dependent uncertainties up to an
upper bound. Despite the exibilities in operating points and robustness against
parametric uncertainties upto certain limit, the successful implementation of these
feedback linearizing excitation controllers requires the accurate and precise paramet-
ric information of the system. However, it is quite tough to know the parameters
precisely and accurately as some of these parameters vary during the operation of
power systems.
The nonlinear MPC schemes are very useful to design excitation controllers for
multimachine power systems as these techniques directly allow to design controllers
by optimizing nonlinear cost functions [196,197]. The formulation of this cost func-
tion is quite complicated for multimachine power systems and sometimes, it takes
too long to converge the optimization. However, the power system stability needs
to be ensured within a specic time-frame. Moreover, MPC approaches are highly
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sensitive to the variations of systems parameters as well as external disturbances.
Therefore, these MPC approaches do not guarantee the robustness against paramet-
ric uncertainties.
The SMC schemes avoid the calculation of lots of gain parameters while pro-
viding robustness against parametric uncertainties and excitation disturbances in
multimachine power systems as these schemes are less sensitive to the variations in
parameters and external disturbances [33, 193]. A robust sliding mode excitation
controller, based on a time-varying sliding surface, is proposed in [44] to improve
the transient stability of power systems under external disturbances. However, the
sliding mode excitation controllers in [33, 44, 193] are designed using the simplied
third-order model of the synchronous generator. A higher-order block-based SMC
scheme is used in [73,195] to enhance the transient stability of power systems where
the two-axis models of synchronous generators are used along with the dynamic of
the automatic voltage regulator (AVR). Though the selection of sliding surface is
quite simple and straightforward for the SMIB system, it is extremely dicult for
large-scale complex power systems due to the huge interconnections and more com-
plicated changing characteristics of transient responses. However, the performance
of these sliding mode excitation controllers strictly depends on the sliding surface.
Moreover, the inherent chattering phenomenon of sliding mode techniques produces
some undesirable characteristics by exciting the unmodeled dynamics of the system.
The adaptive backstepping control (ABC) scheme is an eective way to main-
tain the transient stability of power systems under large disturbances as this allows
to consider the parameters and then dynamically estimates these parameters using
adaptation laws [154,204,205]. The parameter adaptation laws are usually designed
in such a way that the convergence of dierent physical properties of power systems
such as the rotor angle, terminal voltage, speed, etc. are guaranteed. The ABC
scheme uses the useful nonlinearities in power systems instead of fully canceling
these as in the feedback linearization scheme and thus, signicantly improves the
stability margin [50,205]. An adaptive backstepping approach is used in [55,200,206]
to design excitation controllers for power systems where only the damping coe-
cient of the synchronous generator is considered as unknown. A similar approach is
presented in [207] which considers the transient reactance of the synchronous gen-
erator as unknown along with the damping coecient. However, the variations in
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other parameters of synchronous generators (e.g., direct-axis open-circuit time con-
stant, inertia constant, etc.) signicantly aect the stability of power systems which
are not considered in [55, 200, 206, 207]. In [61], the parametric uncertainties are
considered during the design process of an excitation controller for multimachine
power systems using an ABC approach. However, the external disturbances are not
considered in [61] though these disturbances signicantly aect the performance of
the system. A robust ABC approach is used in [58,201,208] to design the excitation
controller for the multimachine power system by considering the eects of both para-
metric uncertainties and external disturbances including the measurement noises.
The external disturbances modeled to represent the modeling accuracies and mea-
surement noises. All these adaptive backstepping excitation controllers (ABECs) are
designed by considering the classical third-order model of synchronous generators.
Therefore, the unmodeled dynamics can still aect the stability of power systems by
exhibiting low-frequency oscillations which even cause the instability within the sys-
tem. However, the nonlinear controllers so far discussed in this chapter are designed
by neglecting the dynamics of turbine-governor systems where the output power of
synchronous generators is considered as constant. However, the output power of
synchronous generators varies to match the continuously changing load demand. In
this case, the dynamics of turbine-governor systems cannot be ignored.
A nonlinear adaptive controller is proposed in [66] which considers the dynamics
of both synchronous generators and turbine-governor systems. In [66], the damp-
ing coecient and direct-axis transient open-circuit time constant are considered
as unknown during the excitation controller design while the boiler-turbine time
constants are considered as unknown for the steam-valve controller. The coordina-
tion between the excitation and steam-valve controllers tackles sudden mechanical
and electrical perturbations to maintain the transient stability of power systems.
In [68, 69, 209], nonlinear adaptive controllers are designed for thermal power sys-
tems based on the coordination of boiler and turbine units but the dynamics of
synchronous generators are neglected. A coordinated controller based on backstep-
ping approach is proposed in [210] without considering any unknown parameters or
external disturbances. Another coordinated controller is proposed in [71] where the
steam-valve position controller is designed using the adaptive backstepping tech-
nique and the excitation controller is designed based on the coordinated passivation
method. The excitation controller in [71] has a practical implementation problem as
Section 5.1 Introduction 141
it is dual-excited. However, the variation of all critical parameters and mechanical
power input along with external disturbances which usually exist in power systems
are still uncovered when these controllers are designed. Therefore, it can be summa-
rized that most of the existing excitation controllers do not have the capability to
ensure the robustness against the variations in parameters, external disturbances,
and measurement noises. Moreover, some of the excitation controllers are designed
based on the third-order model of synchronous generators and which cannot capture
full dynamic characteristics of power systems.
This chapter aims to design adaptive along with robust adaptive controllers for
multimachine power systems by considering dierent models in order to analyze
the performance of the proposed controller under dierent situations. At rst, the
proposed adaptive and robust adaptive excitation controllers are designed based on
the classical third-order model of synchronous generators in a multimachine power
systems. The similar control schemes are then expanded for the fourth- and fth-
order models of synchronous generators where the fourth-order model includes the
dynamic of the excitation systems on top of the third-order model and the fth-
order model includes the dynamic of the direct-axis voltage on top of the fourth-
order model. Finally, a coordinated controller is designed in order to coordinate
the operation between the excitation and steam-valve controllers. In this coordi-
nated controller, the third-order model of the synchronous generator is used while
the turbine-governor systems are represented with a second-order model. During
the design process of adaptive controllers for all these models, all stability sensitive
parameters are considered as unknown while the robust adaptive controller design
process incorporates external disturbances along with unknown parameters. For
adaptive and robust adaptive controllers, the unknown parameters are estimated
through the adaptation laws while the excitation controllers are used to provide ad-
equate damping into the system. The steam-valve control law ensures the transient
stability when there are changes in the load demand. The excitation, steam-valve,
and parameter adaptation laws are obtained in such a way that the convergences of
all physical properties of multimachine power systems are ensured. These conver-
gences are theoretically analyzed by formulating control Lyapunov functions (CLFs)
during the dierent steps of the design process. Simulations are carried out on dier-
ent multimachine power systems to further validate the performance of the proposed
controllers against several contingencies. The performance of all these controllers
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are also compared with a traditional PSS and existing nonlinear controllers in the
similar frame.
The organization of this chapter is as follows. The design of adaptive excitation
controllers for multimachine power systems based on the third-order model of syn-
chronous generators is presented in Section 5.2 along with relevant control problem
formulations and simulation results. To provide robustness against both parametric
uncertainties and external disturbances, a robust adaptive backstepping controller
based on the similar third-order model of synchronous generator s equipped with
IEEE Type-II excitation systems in multimachine power systems is designed in Sec-
tion 5.3. The eectiveness of the designed controller is also investigated in Section 5.3
through several case studies. The design of an adaptive and robust adaptive back-
stepping controllers based on the fourth-order model of synchronous generators in
a multimachine power system is shown in Section 5.4 and Section 5.5, respectively.
These sections also include the relevant control problem formulations and perfor-
mance analysis. Similar controllers are also designed in Section 5.6 and Section 5.7,
respectively by considering the two-axis model of synchronous generators along with
the dynamic of excitation systems where the performance of the designed controllers
are evaluated on an IEEE 10-machine 39-bus power network. Section 5.8 presents
the coordinated adaptive backstepping controller design in which the coordination
is made between the excitation and steam-valve controllers. Finally, the chapter is
concluded with a brief summary in Section 5.9.
5.2 Adaptive Excitation Controller Design for
Multimachine Power Systems with Unknown Stability
Sensitive Parameters based on the Third-Order Model
The main purpose of this section is to obtain the excitation control input (Efdi)
for ith synchronous generator in a multimachine power system while considering all
stability sensitive parameters as unknown. For this purpose, the dynamical model
of ith synchronous generator in a multimachine power system needs to be used which
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can be recalled from Chapter 2 and written as follows:
_i = !i
_!i =   Di
2Hi
!i +
!0i
2Hi
Pmi   !0i
2Hi
E 0qiIqi
_E 0qi =  
1
Tdoi
E 0qi +
(xdi   x0di)
Tdoi
Idi +
1
Tdoi
Efdi
(5.1)
The nonlinear adaptive excitation controller will be designed using the backstepping
method based on the dynamical model as described by equation (5.1). However, the
control problem formulation is shown in the following subsection before designing
the proposed controller.
5.2.1 Formulation of control problems
The dynamical model of the synchronous generator in multimachine power systems,
as represented by equation (5.1) is nonlinear due to interconnections, and these in-
terconnections are reected through the currents Iqi and Idi. Moreover, it comprises
dierent stability sensitive parameters whose exact numerical values cannot easily
be determined. As discussed earlier of this chapter, the stability margin of power
systems will be aected by the variations of stability sensitive parameters. When ex-
act values of power system parameters are used, the system remains in steady-state.
However, if any of the stability sensitive parameters is varied, the system will not
be stable anymore. In Fig. 5.1 and Fig. 5.2, the speed deviation of a synchronous
generator (G1) which is connected at bus-1 (as depicted in Fig. 5.4) is shown under
dierent circumstances. From Fig. 5.1, it can be seen that zero speed deviation is
maintained when the parameters of the system are assumed to be exactly known.
But when the inertia constant (H) and damping co-ecient (D) of the generator
are varied, the system is no longer stable which is also shown in Fig. 5.1. Similarly,
when other stability sensitive parameters such as direct-axis open-circuit time con-
stant (Tdo) and direct-axis transient reactance (x
0
di) are varied from their nominal
values, the steady-state operation of power systems is disturbed which is shown in
Fig. 5.2 in terms of speed deviation of G1. From the time-domain simulation results,
as shown in Figs. 5.1 and 5.2, it can be seen that the system becomes unstable if
there is no excitation controller and the stability sensitive parameters are changed
from their nominal values. The ranges of these stability sensitive parameters for the
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Figure 5.1. Speed deviation of G1 with the variation of D and H along with AVR+PSS
generator of the test system as shown in Fig. 5.4 are as follows:
3  H  3:5
1:9  D  2:5
3:5  Tdo  4
0:25  x0d  0:28
The system is unstable when the stability sensitive parameters are outside these
ranges. In this case, the excitation systems of synchronous generators need to add
additional damping and at the same time, it is essential to have parameter adapta-
tion laws to estimate these parameters so that the estimated values can be used to
stabilize the whole system.
During the practical operation of power systems, the excitation systems of syn-
chronous generators in power systems include automatic voltage regulators (AVRs)
and power system stabilizers (PSSs) to maintain the stability, i.e., to add extra
damping into the system. In this section, the performance of AVRs+PSSs has also
evaluated against the changes in stability sensitive parameters. To do this, the
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Figure 5.2. Speed deviation of G1 with the variation of x0d and Tdo along with AVR+PSS
dynamics of AVR is considered as follows:
_V0i =
1
TRi
(Vti   V0i) (5.2)
where V0i is the output voltage of the transducer of i
th synchronous generator, TRi
is the time constant of the of the transducer of ith synchronous generator, and
Vti is the terminal voltage of i
th synchronous generator. The conventional PSS is
designed based on the linearized model of power systems whose transfer function
can be written as follows:
Gpss(s) = Kpss
sTw
1 + sTw
1 + sT1
1 + sT2
(5.3)
where Kpss is the stabilizer gain, Tw is the washout time constant, T1, and T2 are
time constants of the lead-lag network. This PSS is connected with the excitation
system of G1 as the parameters of the generator (G1) are varied. The parameters
of the PSS are considered as Kpss = 30, Tw = 10 s, T1 = 50 ms, and T2 = 20 ms.
From both gures (Fig. 5.1 and Fig. 5.2), it can seen that the characteristics of the
system are still oscillating even a nely tuned conventional PSS is used with an AVR.
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The main reason behind these oscillations is that the PSS is designed based on the
linearized model of power systems which cannot capture these variations in stability
sensitive parameters. However, these oscillations can be damped out by designing
an eective nonlinear controller which has the capability to capture the accurate
nonlinear dynamics and estimate stability sensitive parameters of power systems.
This is the main motivation in this chapter to design excitation controllers in which
the variations of these stability sensitive parameters will not aect the stability of
power systems. This can be done by considering the stability sensitive parameters
as unknown within the power system model where the unknown parameters are
estimated with adaptation laws for the purpose of designing excitation controllers.
When all stability sensitive parameters such as Di, Hi, Tdoi, and x
0
di are con-
sidered as unknown; some terms in the dynamical model of synchronous generators
in multimachine power systems as represented by equation (5.1) can be written as
follows:
1i =   Di
2Hi
2i =
!0i
2Hi
Pmi
3i =   !0i
2Hi
4i =
1
Tdoi
5i =
xdi   x0di
Tdoi
(5.4)
where ji with j = 1; 2; 3; 4; 5 represents the unknown parameters. With these
unknown parameters, the synchronous generator model as represented by equa-
tion (5.1) can be written as:
_x1i = x2i
_x2i = 1ix2i + 2i + 3iIqix3i
_x3i =  4ix3i + 5iIdi + 4iEfdi
(5.5)
where x1i = i, x2 = !0i, and x3i = E
0
qi are the states of synchronous generators.
The unknown quantities, 1i, 2i, 3i, 4i, and 5i in the dynamical model as rep-
resented by equation (5.5) need to be estimated through the adaptation laws whose
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convergences are guaranteed through the formulation of Lyapunov functions. These
Lyapunov functions not only ensure the convergences of these estimated parameters
but also ensure the overall stability of power systems by steering the whole system
to a desired equilibrium point. Since all these stability sensitive parameters are
considered as unknown and the remaining parameters do not have any eect on the
stability power systems, the controller design process only includes these parame-
ters as unknown rather than other parameters. The control objectives are set to
overcome the following concerns:
 Maintain the stability of multimachine power systems when subjected to a
severe disturbance and
 Minimize the tracking errors of terminal voltage and rotor speed as soon as
the system is restored.
The following subsection discusses the detailed design procedure of the proposed
excitation controller in order to resolve the aforementioned problems.
5.2.2 Adaptive backstepping excitation controller design
This subsection demonstrates the steps to obtain the excitation control input Efdi
along with parameter adaptation laws and these steps are discussed in the following.
Step 1: The rotor angle tracking error of ith synchronous generator connected
to a multimachine power system can be dened as:
z1i = x1i   x1di (5.6)
Using the rst equation of (5.5), the derivative of the rotor angle tracking error can
be written as follows:
_z1i = _x1i = x2i (5.7)
According to the design procedure of backstepping controllers, it is assumed that
x2i is a virtual control variable to stabilize the dynamics of the rotor angle tracking
error. In order to stabilize the error dynamics of the rotor angle using x2i, a control
Lyapunov function (CLF) can be assumed as follows:
W1i =
1
2
z21i (5.8)
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The derivative of W1i can be written as:
_W1i = z1i _z1i (5.9)
By inserting equation (5.7) into equation (5.9), it can be written as:
_W1i = z1ix2i (5.10)
At this point, an appropriate virtual control law x2i = 1i needs to be selected in
such a way that it will make the time derivative of the Lyapunov function negative
semi-denite, i.e., _W1i  0 which in turn makes the system stable. To dot this, the
synthetic value for x2i to stabilize z1i is chosen as follows:
1i =  k1iz1i (5.11)
where k1i is a positive constant parameter which is used to tune the output response.
After substituting the value of stabilizing function x2i into equation (5.10), the
following equation can be obtained:
_W1i =  k1iz21i  0 (5.12)
which is negative semi-denite and indicates the stable property of the virtual control
law. Now, the derivative of 1i is calculated here as it is essential in the next step
and this derivative can be written as follows:
_1i =  k1i _z1i =  k1ix2i (5.13)
The characteristics of other stabilizing functions need to be known to obtain the
actual control input which is discussed through the following steps.
Step 2: Since x2i is not a real control input, a new error variable can be dened
as:
z2i = x2i   1i (5.14)
After taking the derivative of equation (5.14) and using the second equation of (5.5)
and equation (5.13), it can be written as:
_z2i = 1ix2i + 2i + 3iIqix3i + k1ix2i (5.15)
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Since 1i, 2i, and 3i are unknown parameters, equation (5.15) can be rewritten as
follows by assuming ^1i, ^2i, and ^3i as their estimated values:
_z2i = ^1ix2i + x2i(1i   ^1i) + ^2i + (2i   ^2i)
+ ^3iIqix3i + (3i   ^3i)Iqix3i + k1ix2i
(5.16)
The CLF, in order to stabilize the dynamics of z2i as represented by equation (5.16),
can be chosen as:
W2i =W1i +
1
2
z22i +
1
21i
(1i   ^1i)2 + 1
22i
(2i   ^2i)2 + 1
23i
(3i   ^3i)2 (5.17)
where li, 2i, and 3i are positive coecients which are also known as the parameter
adaptation gains and these gains determine the convergence speed of the parameter
estimation. The derivative of W2i along the trajectory of the error dynamic is
_W2i = _W1i + z2i _z2i   1
1i
(1i   ^1i) _^1i   1
2i
(2i   ^2i) _^2i   1
3i
(3i   ^3i) _^3i (5.18)
By substituting the values of _W1i from equation (5.12) and _z2i from equation (5.16),
respectively; equation (5.18) can be written as:
_W2i =  k1iz21i + z2i(^1ix2i + ^2i + Iqix3i^3i + k1ix2i)
  (1i   ^1i) 11i ( _^1i   1iz2ix2i)  (2i   ^2i) 12i
(
_^
2i   2iz2i)  (3i   ^3i) 13i ( _^3i   3iz2ix3iIqi)
(5.19)
In order to stabilize the dynamics of rotor speed errors, the stabilizing function
x3i = 2i is chosen as:
2i =   1
Iqi^3i
(^1ix2i + ^2i + k1ix2i + k2iz2i) (5.20)
and tuning functions are dened as:
1i = 1iz2ix2i
2i = 2iz2i
3i = 3iz2ix3iIqi
(5.21)
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In this case, equation (5.19) will be simplied as follows:
_W2i =  k1iz21i   k2iz22i   (1i   ^1i) 11i ( _^1i   1i)  (2i   ^2i) 12i ( _^2i
  2i)  (3i   ^3i) 13i ( _^3i   3i)
(5.22)
From equation (5.22), it can be observed that the rst two terms are negative denite
or semi-denite and last three terms are tolerated at this step as the nal decisions
for estimating terms ^1i, ^2i, and ^3i are not taken yet. Thus, the overall stability
of the closed-loop system will be ensured in the next step. The derivative of 2i is
essential in the next step which can be obtained as:
_2i =  
_^
1ix2i + ^1 _x2i +
_^
2i + k1i _x2i + k2i _z2i
Iqi^3i
+
_^
3i(^1ix2i + ^2i + k1ix2i + k2iz2i)
Iqi^23i
+
_Iqi(^1ix2i + ^2i + k1ix2i + k2iz2i)
I2qi^3i
(5.23)
The simplication of equation (5.23) gives
_2i = Ai +Bi + Ci + Ei1i + Fi2i +Gi3i (5.24)
where
Ai =
_^
3i(^1ix2i + ^2i + k1ix2i + k2iz2i)
Iqi^23i
Bi =
_Iqi(^1ix2i + ^2i + k1ix2i + k2iz2i)
I2qi^3i
Ci =  
_^
2i + k1ik2ix2i +
_^
1ix2i
I2qi^3i
Ei =  x2i(^1i + k1i + k2i)
Iqi^3i
Fi =  (^1i + k1i + k2i)
Iqi^3i
Gi =  x3i(^1i + k1i + k2i)
^3i
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The nal control input can be obtained by analyzing the characteristics of the re-
maining error dynamic which is presented in the following step.
Step 3: The stabilizing function as represented by equation (5.20) may not be
exact one as it is a virtual control input. Therefore, there may be some errors which
can be dened as:
z3i = x3i   2i (5.25)
The derivative of z3i by using the values of _x3i and _2i can be expressed as:
_z3i =  4ix3i + 5iIdi + 4iEfdi   Ai  Bi   Ci   Ei1i   Fi2i  Gi3i (5.26)
By incorporating estimation errors, equation (5.26) can be rewritten as:
_z3i = ^4i(Efdi   x3i) + (Efdi   x3i)(4i   ^4i) + ^5iIdi + Idi(5i   ^5i)
  Ai  Bi   Ei^1i   Ei(1i   ^1i)  Ci   Fi^2i   Fi(2i   ^2i) Gi^3i
 Gi(3i   ^3i)
(5.27)
In equation (5.27), the actual control input Efdi appears and this control input is
designed in such a way that the errors z1i, z2i, and z3i converge to zero as t ! 1.
To nd the actual control input, the nal CLF can be chosen as follows:
W3i = W2i +
1
2
z23i +
1
24i
(4i   ^4i)2 + 1
25i
(5i   ^5i)2 (5.28)
whose derivative is
_W3i = _W2i + z3i _z3i   1
4i
(4i   ^4i) _^4i   1
5i
(5i   ^5i) _^5i (5.29)
By putting the values of _W2i and _z3i, equation (5.29) can be simplied as:
_W3i =  k1iz21i   k2iz22i + z3i(^4iEfdi   ^4ix3i + ^5iIdi   Ai  Bi   Ci
  Ei^1i   Fi^2i  Gi^3i)  (1i   ^1i) 11i ( _^1i   1i + 1iEiz3i) 
(2i   ^2i) 12i ( _^2i   2i + 2iFiz3i)  (3i   ^3i) 13i ( _^3i   3i + 3iGiz3i)
  (4i   ^4i) 14i ( _^4i   4i(Efdi   x3i)z3i)  (5i   ^5i) 15i ( _^5i   5iIdiz3i)
(5.30)
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The adaptation laws can be selected as follows in order to eliminate the inuence of
(1i   ^1i), (2i   ^2i), (3i   ^3i), (4i   ^4i), and (5i   ^5i) in _W3i:
_^
1i = 1i   1iEiz3i
_^
2i = 2i   2iFiz3i
_^
3i = 3i   3iGiz3i
_^
4i = 4i(Efdi   x3i)z3i
_^
5i = 5iIdiz3i
(5.31)
Therefore, equation (5.30) can further be simplied as:
_W3i =  k1iz21i   k2iz22i + z3i(^4iEfdi   ^4ix3i + ^5iIdi   Ai  Bi   Ci
  Ei^1i   Fi^2i  Gi^3i)
(5.32)
To ensure the stability of the whole power system, _W3i should be negative denite
or semi-denite which can be achieved by choosing the following excitation control
law:
Efdi =   1
^4i
(^5iIdi   ^4ix3i   Ai  Bi   Ci   Ei^1i   Fi^2i  Gi^3i + k3iz3i)(5.33)
As a result, the derivative of the CLF as represented by equation (5.32) can be
written as:
_W3i =  k1iz21i   k2iz22i   k3iz23i  0 (5.34)
which indicates the stability of power systems with the excitation controller as repre-
sented by equation (5.34) and the parameter update laws (5.31) are designed based
on the equation (5.5).
From equation (5.34), it can be seen that the control signal will be very large
if ^4i tends zero and there will be singularity problem for ^4i = 0. In order to
avoid these problems in the control signal, a projection-based estimation algorithm
as proposed in [211, 212] is used in this chapter whose trajectories are suciently
smooth. If it is assumed that the values of ^ji with j = 1; 2; 3; 4; 5 are known
for a range, i.e., ji = [ ^jimax; ^jimax] where ^jimax > 0 is an upper bound of jjij
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which is known. With this projection algorithm, the adaptation laws as represented
by equation (5.31) can be written as:
_^
1i = Proj(1i   1iEiz3i)
_^
2i = Proj(2i   2iFiz3i)
_^
3i = Proj(3i   3iGiz3i)
_^
4i = Proj(4i(Efdi   x3i)z3i)
_^
5i = Proj(5iIdiz3i)
(5.35)
where Proj(1i   1iEiz3i) = 1i   1iEiz3i if the following conditions exist:
j^1ij  ^1imax
1i(1i   1iEiz3i)  0
and otherwise, Proj(1i   1iEiz3i) = 0.
The projection as described by the above conditions guarantees that ^1i is bounded
for a given bound of 1i. Similar approaches can be applied for other adaptation
laws as represented by equation (5.35). By inserting equation (5.33) along with
equation (5.35) into equation (5.30), it can be written as:
_W3i =  k1iz21i   k2iz22i   k3iz23i + (1i   ^1i) 11i
(1 + 1iEiz3i)  (1i   ^1i) 11i Proj(1 + 1iEiz3i)
+ (2i   ^2i) 12i (2 + 2iFiz3i)  (2i   ^2i) 12i
Proj(2 + 2iFiz3i) + (3i   ^3i) 13i (3 + 3iGiz3i)
  (3i   ^3i) 13i Proj(3 + 3iGiz3i) + (4i   ^4i)
(Efdi   x3i)z3i    14i (4i   ^4i)
Proj(4i(Efdi   x3i)z3i) + (5i   ^5i)z3iIdi
  (5i   ^5i)Proj(5iIdiz3i)
(5.36)
Using the properties of projection operators, i.e.,  ~Proj()   ~ as mentioned
in [212], equation (5.36) can be simplied as follows:
_W3i =  k1iz21i   k2iz22i   k3iz23i  0 (5.37)
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Figure 5.3. Implementation block diagram of the proposed control scheme
Equation (5.37) represents the stability of the whole power system. From the con-
troller design steps, it can be seen that the design process is quite complex. However,
the implementation of the controller is straightforward, which can clearly be seen
from Fig. 5.3. From this implementation block diagram, it can be seen that all
states are the desired outputs of the system. The noises from the measurements,
which are actually the sensor noises and the limitations of the excitation systems,
are included in the process of estimating the unknown parameters through online
parameter estimators. Also, other physical properties of the system, such as active
and reactive power outputs of synchronous generators along with currents, are used
during the parameter estimation process. Finally, the estimated parameters are used
in the excitation control law, equation (5.33), to stabilize the system under dierent
operating conditions. The performance of the designed controller is evaluated in the
following subsection on a two-area four-machine 11-bus test power system model
under dierent operating scenarios.
5.2.3 Controller performance evaluation
The performance of the designed adaptive excitation controller for the multimachine
power system is evaluated on a two-area four machine power system as shown in
Fig. 5.4. From Fig. 5.4, it can be seen that two areas (each area comprising two
generators) are connected to each other for sharing power. The details of this system
can be found in [14]. While implementing advanced controllers in multimachine
power systems, the controllers are usually not implemented with all machines as
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Figure 5.5. Active power ow from area 1 to area 2 for installing excitation controllers
at dierent generators
this is not a cost-eective approach. The appropriate generators in the system
need to be identied in order to implement the designed excitation controllers. The
following identication procedure is used in this chapter to evaluate the performance
of the designed controller.
The designed controller is implemented randomly on each generator and the
active power transfer from area-1 to area-2 has been observed in the case of a
three-phase short-circuit fault at one of the transmission lines between bus-7 and
bus-8 for a duration of 0.2 s (from 15 to 15.2 s). It should be noted that when the
designed controller is connected to one or more generators, the remaining generators
are equipped with conventional PSSs. When no controllers are installed within the
system, the active power from area-1 to area-2 is oscillating after the clearance of
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the fault which can be seen from Fig. 5.5 (red line). When one nonlinear excitation
controller is installed with the rst synchronous generator (G1), the oscillation in
the active power is quite reduced and the same thing happens when the system is
simulated with an excitation controller connected to a third synchronous generator
(G3). By the way, the oscillatory characteristics of the active power transfer between
area-1 and area-2 have been reduced when the excitation controllers are connected
to both G1 and fourth synchronous generator (G4). When the excitation controllers
are connected to both G1 and G3, the oscillations in active power have been reduced
further as compared to previously mentioned scenarios. Finally, the oscillations have
been more damped when the designed excitation controllers are connected to all
synchronous generators except G2 (as this is the innite bus). All these scenarios
are shown in Fig. 5.5 from where it is obvious that the last two cases: i) excitation
controllers connected to G1 and G3 and ii) excitation controllers connected to G1,
G3, and G4, show very similar but improved performances for transferring active
power from area-1 to area-2 as compared to all other cases. Since the connection of
excitation controllers with G1 and G3 is more cost-eective as compared with that of
when connected with G1, G3, and G4, the excitation controllers should be connected
with G1 and G3. Therefore, the designed nonlinear adaptive backstepping excitation
controller (NABEC) is implemented with these two generators instead of all four
generators. In order to evaluate the performance of the controller, the following two
points are considered:
 Estimation of stability sensitive unknown parameters and
 Transient stability enhancement
which are discussed in the following.
5.2.3.1 Robustness of the designed controller to estimate stability
sensitive parameters
Since the performance of the designed controller depends on the capability of es-
timating the unknown parameters, it is essential to validate the convergences of
these unknown parameters under dierent conditions. The following two cases are
considered to show the parameter estimation capability of the designed controller:
 Parameter estimation in the case of a three-phase short-circuit fault at the
terminal of G1 and
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Figure 5.6. Stability sensitive parameter estimation when a three-phase short-circuit
fault occurs at the terminal of G1
 Parameter estimation in the case of tripping a transmission line between bus-7
and bus-8.
In both the cases, the limitations of excitation systems are considered as 6 pu and
the sensor noises are considered as white Gaussian noises.
 Case 1: Parameter estimation in case of a three-phase short-circuit
fault at the terminal of G1
Before estimating the parameters, it is essential to choose the initial values of
the unknown parameters. In this case study, the initial values are considered as
i(0) = ( 0:3; 0:12; 0:14; 0:2; 0:2) and these initial values are calculated based on
the nominal values as available in [14]. Now, the adaptation laws will estimate these
parameters based on the convergences of three desired outputs as pointed out in the
block diagram (Fig. 5.3). Initially, it will take some times to settle down to the values
for which the desired outputs will reach to the steady-state. From Fig. 5.6, it can
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Figure 5.7. Stability sensitive parameter estimation when a transmission line between
bus-7 and bus-8 trips temporarily
be seen that all unknown parameters settle down to their steady-state values within
few seconds. This settling time depends on the adaptation gains (), which are used
in the adaptation laws. When a three-phase short-circuit fault will be applied at
the terminal of G1, the estimation of these parameters will be disturbed, which is
also very clear from Fig. 5.6. Here, a three-phase short-circuit fault is applied at
the terminal of G1 at t = 15 s and the fault is cleared at t = 15.2 s. The stability
sensitive parameters again settle down to their pre-fault values as soon as the fault
is cleared. This clearly indicates the superiority of the designed control scheme to
estimate unknown parameters.
 Case 2: Parameter estimation in case of tripping a transmission line
between bus-7 and bus-8
To further investigate the eectiveness of the proposed scheme, one of the parallel
transmission lines between bus-7 and bus-8 is tripped at t = 15 s and reconnected at
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Figure 5.8. Terminal voltages in case of a three-phase short-circuit fault at terminal of
G1
t = 15.2 s. In this case study, the initial values of the stability sensitive parameters
are considered as i(0) = ( 0:5; 0:3; 0:3; 0:4; 0:5), which are completely dierent
from the previous case study. The estimated parameters are shown in Fig. 5.7
from where it can be seen that the estimation initially takes some times to settle
down to their suitable values for the convergences of the desired outputs. Here, the
steady-state values are similar to that as depicted in the previous case. However,
when the line is tripped for a duration of 0.2 s, these estimated values are disturbed
but again settle down to the steady-state after reclosing line due to the designed
control action. Therefore, it can be said that the proposed control scheme has the
ability to estimate the stability sensitive parameters under dierent circumstances
including the changes in initial values. The control law is implemented with these
estimated parameters and the performance of the designed controller is evaluated
in the following in terms of the transient stability enhancement under dierent
operating conditions.
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Figure 5.9. Speed deviations in case of a three-phase short-circuit fault at terminal of
G1
5.2.3.2 Transient stability enhancement capability of the designed
adaptive controller
The performance of the proposed NABEC is evaluated under the following four cases
when the excitation controllers are connected to G1 and G3, and then compared
with that of a conventional PSS and an existing NABEC (ENABEC) controller as
proposed in [52] where only the direct-axis open-circuit transient time constant is
considered as an unknown parameter.
 A three-phase short-circuit fault at the terminal of G1,
 A three-phase short-circuit fault at one of the key transmission lines (between
bus-7 and bus-8),
 One of the two parallel transmission lines between area-1 and area-2 (i.e.,
between bus-7 and bus-8) is tripped temporarily, and
 One of the two parallel transmission lines between area-1 and area-2 (i.e.,
between bus-7 and bus-8) is tripped permanently.
In all cases, the fault is applied at t=15 s and cleared at t=15.2 s. All these case
studies are briey explained in the following.
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Figure 5.10. Rotor angles in case of a three-phase short-circuit fault at the terminal of
G1
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Figure 5.11. Control signals in case of a three-phase short-circuit fault at terminal of G1
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Figure 5.12. Terminal voltages in case of a three-phase short-circuit fault at one of the
transmission lines between bus-7 and bus-8
 Case 1: Controller performance in case of a three-phase short-circuit
fault at the terminal of G1
When a three-phase short-circuit fault is applied at the terminal of G1, the terminal
voltage of G1 will be zero for the faulted period which is shown in Fig. 5.8 (a).
However, the system settles down to its pre-fault steady-state condition after the
clearance of the fault. The designed NABEC stabilizes the voltage in a faster way
(solid black line) as compared to an ENABEC (dashed blue line) which can be seen
from Fig. 5.8 (a). In this situation, the terminal voltage of G3 is also disturbed
which is shown in Fig. 5.8 (b) from where it is obvious that the designed controller
settles the voltage to its steady-state value within a very short-period. However, the
PSS is unable to maintain transient stability (dotted red line).
The stability of power systems with synchronous generators depends on the
operating speed. When the system is stable, the generators operate at synchronous
speed, i.e., the speed deviations will be zero for all synchronous generators. When a
three-phase short-circuit fault is applied at the terminal of a synchronous generator,
the speed of the generator along with other generators will be disturbed. However,
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Figure 5.13. Speed deviations in case of a three-phase short-circuit fault at one of the
transmission lines between bus-7 and bus-8
the generators will settle down to the synchronous speed if the excitation controllers
are able to provide adequate damping. The speed deviations of G1 and G3 are
shown in Fig. 5.9 (a) and Fig. 5.9 (b), respectively from where it can be seen that
the designed NABEC provides more damping as the speed deviations are settled
down to their synchronous values after the clearance of the fault as compared to the
ENABEC and PSS.
The rotor angles of synchronous generators will act in a similar manner to that
of speed deviations. The corresponding rotor angles of G1 and G3 are shown in
Fig. 5.10 (a) and Fig. 5.10 (b) from where it is clear that when the designed NABEC
(solid black line) is applied, the rotor angle of the synchronous generator is similar
to the pre-fault steady-state condition after the clearance of the fault but this is not
the case when the excitation controllers are based on the ENABEC (dashed blue
line) and PSS (dotted red line). The corresponding control signals of G1 and G3
are shown in Fig. 5.11 (a) and Fig. 5.11 (b), respectively. From these gures, it can
be seen that the NABEC performs better than the ENABEC.
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Figure 5.14. Rotor angles in case of a three-phase short-circuit fault at one of the
transmission lines between bus-7 and bus-8
 Case 2: Controller performance in the case of a three-phase short-
circuit fault at one of the key transmission lines (between bus-7 and
bus-8)
The controller performance is also tested for a three-phase short-circuit fault at one
of the key transmission lines to evaluate the eectiveness under dierent operating
conditions. Here, the key transmission line is considered as one of the two lines
between bus-7 and bus-8 as it transfers power from area-1 to area-2. In this fault
scenario, the terminal voltages of G1 and G3 will not be zero though these will
be disturbed as shown in Fig. 5.12 (a) and Fig. 5.12 (b), respectively. From these
gures, it is clear that the terminal voltages of G1 and G3 settle to their pre-
fault values within 2.0 s after removing the fault with the NABEC as excitation
controllers whereas the ENABEC takes about 5.0 s. On the other hand, the PSS
cannot maintain the system stability. Thus, it can be said that the designed NABEC
(solid black line) acts in a faster way as compared to that of an ENABEC (dashed
blue line) and PSS (dotted red line). Similarly, the speed deviation and rotor angle
will quickly settle down to their pre-fault steady-state conditions as soon as the
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Figure 5.15. Control signals in case of a three-phase short-circuit fault at one of the
transmission lines between bus-7 and bus-8
fault will be cleared and these can easily be seen from Fig. 5.13 to Fig. 5.14. The
corresponding control signals of G1 and G3 are shown in Fig. 5.15 (a) and Fig. 5.15
(b), respectively from where it can be seen that the control signals are very smooth
for designed controllers and kept within the prescribed bound.
 Case 3: Controller performance when one of the two parallel trans-
mission lines between area-1 and area-2 (i.e., between bus-7 and
bus-8) is tripped temporarily
In this case study, one of the transmission lines between bus-7 and bus-8 is tripped
for a short-period (from t=15 s to t=15.2 s). Under this circumstance, the power
ow from area-1 to area-2 through one of the transmission lines will be zero through
the other line will be more which are shown in Fig. 5.16 (a) and Fig. 5.16 (b),
respectively. However, when the tripped line will be reclosed the power ow from
area-1 to area-2 will settle down to the pre-fault steady-state condition. The de-
signed NABEC settles the power ow within 2 s of reclosing the transmission line
whereas the ENABEC takes about 4 s which is outside the time-frame for enhancing
transient stability of power systems [14]. It can also be seen that the stability of
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Figure 5.16. Active power ow from area-1 to area-2 when one of the transmission lines
between bus-7 and bus-8 is tripped
the system deteriorates when the PSS is used as an excitation controller and the
responses of the system become more oscillating.
Since the power transfer is related to the voltage, speed, and rotor angle of the
synchronous generator; these quantities will also be disturbed which are depicted
from Fig. 5.17 to Fig. 5.19. The corresponding control signals of G1 and G3 are
shown in Fig. 5.20 (a) and Fig. 5.20 (b), respectively.
 Case 4: Controller performance when one of the two parallel trans-
mission lines between area-1 and area-2 (i.e., between bus-7 and
bus-8) is tripped temporarily
In this case study, the transmission line-1 between bus-7 and bus-8 is permanently
tripped at 15 s. Under this condition, the power ow through transmission line-1
is zero which can be seen from Fig. 5.21 (a). However, the transmission line-2 will
carry the excess power which can be observed in Fig. 5.21 (b). From Fig 5.21, it
can be seen that the proposed NABEC is eective in damping inter-area oscillations
and it can improve the stability and power transfer limit from area-1 to area-2 in a
better way as compared to other two existing controllers.
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Figure 5.17. Terminal voltages when one of the transmission lines between bus-7 and
bus-8 is tripped
Due to this permanent fault, the terminal voltages of G1 and G3 will also be
aected as shown in Fig. 5.22 (a) and Fig. 5.22 (b). From these gures, it can be
seen that the designed NABEC (solid black line) shows excellent performance that
steers the terminal voltages to their steady-state values quickly as compared to the
ENABEC (dashed blue line) and PSS (dotted red line).
As mentioned earlier, synchronous generators operate at the synchronous speed
and thus, their speed deviations should be zero at the pre-fault and post-fault con-
ditions which can be seen in Fig. 5.23 (a) and Fig. 5.23 (b). However, the designed
NABEC (solid black line) damps out the oscillations in a faster way as compared to
the ENABEC (dashed blue line) and PSS (dotted red line).
In this operating condition, the corresponding rotor angles will settle down to
their new steady-state values with transient oscillations. However, the designed
NABEC (solid black line) provides better damping as compared to the ENABEC
(dashed blue line) and conventional PSS (dotted red line) which can be seen from
Fig. 5.24 (a) and Fig. 5.24 (b). The corresponding control input signals of generators
G1 and G3 are shown in Fig. 5.25 (a) and Fig. 5.25 (b).
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Figure 5.18. Speed deviations when one of the transmission lines between bus-7 and
bus-8 is tripped
Therefore, the designed controller stabilizes multimachine power systems under
dierent operating conditions. From simulation results, it is clear that the designed
NABEC always rapidly steers dierent physical quantities of synchronous genera-
tors toward their desired operating points regardless of the severities and locations
of the faults and exact values of stability sensitive parameters. Thus, the transient
stability of multimachine power systems is signicantly improved in terms of pro-
viding additional damping with the designed controller as compared with existing
controllers.
Although the designed controller in this section has the ability to provide sat-
isfactory performance against all stability sensitive parameters along with the in-
clusion of external noises, the external disturbances or measurement noises are not
taken into account during the controller design process. As a result, the designed
controller cannot guarantee the robust performance against these external distur-
bances. Therefore, the eects of parametric uncertainties and external disturbances
along with measurement noises should be included in the nominal model of the syn-
chronous generator in a multimachine power system so that the proposed excitation
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Figure 5.19. Rotor angles when one of the transmission lines between bus-7 and bus-8
is tripped
controller is capable of providing robust performance against these factors. To do
this, the following section is devoted to design robust adaptive excitation controllers
for synchronous generators in a multimachine power system while considering the ef-
fects of parametric uncertainties and external disturbances along with measurement
noises.
5.3 Robust Nonlinear Adaptive Backstepping Excitation
Controller Design for Multimachine Power Systems
based on the Third-Order Model
This section focuses to obtain the robust adaptive control input for multimachine
power systems with unknown stability sensitive parameters and external distur-
bances. Power systems are being subjected to severe external disturbances such as
measurement noises from the sensor which can be taken into account in the power
system model, as represented in the previous section by equation (5.1) and it can
Section 5.3 Robust Nonlinear Adaptive Backstepping Excitation Controller Design for
Multimachine Power Systems based on the Third-Order Model 170
Time (s)
14 15 16 17 18 19 20 21 22 23 24 25
C
o
n
tr
o
l 
in
p
u
t 
(G
1
) 
(p
u
)
0
1
2
3
4
NABEC
ENABEC
PSS
Time (s)
14 15 16 17 18 19 20 21 22 23 24 25
C
o
n
tr
o
l 
in
p
u
t 
(G
3
) 
(p
u
)
0
1
2
3
4
5
NABEC
ENABEC
PSS
(a) Generator G1
(b) Generator G3
Figure 5.20. Control signals when one of the transmission lines between bus-7 and bus-8
is tripped
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Figure 5.21. Active power ow from area-1 to area-2 when transmission line-1 is tripped
permanently
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Figure 5.22. Terminal voltages when transmission line-1 is tripped permanently
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Figure 5.23. Speed deviations when transmission line-1 is tripped permanently
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Figure 5.24. Rotor angles when transmission line-1 is tripped permanently
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Figure 5.25. Control signals when transmission line-1 is tripped permanently
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Figure 5.26. Speed deviation of G3 under dierent conditions
be rewritten as follows:
_i = !i + d1i
_!i =   Di
2Hi
!i +
!0i
2Hi
Pmi   !0i
2Hi
E 0qiIqi + d2i
_E 0qi =  
1
Tdoi
E 0qi +
(xdi   x0di)
Tdoi
Idi +
1
Tdoi
Efdi + d3i
(5.38)
Equation (5.38) will be used to design the robust nonlinear adaptive excitation
controller. Before the excitation controller is designed, the control problems are
formulated in the following subsection when the stability sensitive parameters are
not exactly known and there are external disturbances within the system.
5.3.1 Control problem formulation
As mentioned earlier in this chapter, the variations of parameters are very common
in the operation of power systems and these variations have signicant impacts on
the stability of power systems which have already been discussed and not repeated
here. However, the stability margin of the system breaks down (red line) when
external disturbances are incorporated along with variations in stability sensitive
parameters and mechanical power input which can be seen from Fig. 5.26. Therefore,
the designed controller should have the properties to adapt all these factors while
rejecting the external disturbances. Under this situation, in terms of unknown
parameters as dened earlier in this chapter, the dynamical model as represented
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by equation (5.38) can be rewritten as follows:
_x1i = x2i + d1i
_x2i = 1ix2i + !0i2i + 3i!0iIqix3i + d2i
_x3i =  4ix3i + 5iIdi + 4iEfdi + d3i
(5.39)
where x1i = i, x2i = !i   !0i, and x3i = E 0qi are the new states of synchronous
generators. When the system is subjected to variations in parameters, changes in
loads, and external disturbances; the proposed controller should have the capabil-
ity to maintain the power system stability. The following subsection provides the
detailed design procedure for a robust nonlinear adaptive excitation controller.
5.3.2 Robust adaptive backstepping excitation controller design
This section is intended to obtain the excitation control law Efdi based on a ro-
bust adaptive backstepping approach. The control objectives are to regulate several
physical quantities, e.g., rotor angle, synchronous speed, terminal voltage and out-
put power of synchronous generators in multimachine power systems. These physical
quantities are regulated in such a way that they will settle down to a desired equi-
librium point such as at the pre-fault operating point of the generator if the loads of
the system remain same. The steps to design the proposed controller are discussed
in the following.
Design step 1: If the rotor angle is considered as an objective, the rotor angle
tracking error can be dened as:
e1i = x1i   x1di (5.40)
Using the rst equation of (5.39), the derivative of e1i can be written as:
_e1i = x2i + d1i (5.41)
Here x2i is a virtual control variable and its desired value 1i is a stabilizing function
for equation (5.41). Let e2i be the deviation of x2i from its desired value 1i, i.e.,
e2i = x2i   1i (5.42)
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Thus, in term of e2i, equation (5.41) can be rewritten as:
_e1i = e2i + 1i + d1i (5.43)
In order to stabilize the error dynamic of the rotor angle as represented by equa-
tion (5.43), the CLF can be formulated as follows:
W1i =
1
2
e21i (5.44)
Substituting the value of _e1i from equation (5.43) into the derivative of _W1i yields
W1i = e1i(e2i + 1i + d1i) (5.45)
The stabilizing function 1i needs to be selected in such a way that _W1i  0. Thus,
the stabilizing function 1i is chosen as:
1i =  k1ie1i (5.46)
where k1i is a positive constant parameter. Then, equation (5.45) can be written as:
_W1i =  k1ie21i + e1i(e2i + d1i) (5.47)
It can be seen that equation (5.47) will be negative semi-denite if e1i is zero. The
next control objective is to drive e2i to zero which is discussed in the following step.
Design step 2: The derivative of 1i as represented by equation (5.46) can be
written as:
_1i =  k1i(x2i + d1i) (5.48)
as _e1i = x2i + d1i The speed deviation dynamic along with the use of the second
equation of (5.39) and equation (5.48) can be written as:
_e2i = 1ix2i + !0i2i + 3i!0iIqix3i + d2i + k1i(x2i + d1i) (5.49)
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in which x3i is viewed as another virtual control input. By dening the stabilizing
function as 2i, a nal error variable can be written as:
e3i = x3i   2i (5.50)
Incorporating this error into equation (5.49) gives
_e2i = 1ix2i + !0i2i + 3i!0iIqi(e3i + 2i) + d2i + k1i(x2i + d1i) (5.51)
In order to handle the unknown parameters 1i; 2i, and 3i as appear in equa-
tion (5.51), it is essential to dene these parameters in terms of the estimated val-
ues, ^1i; ^2i, and ^3i. Now, the estimation error of these unknown parameters can be
dened as ~mi = mi  ^mi with m = 1; 2; 3. Thus, equation (5.51) can be expressed
as:
_e2i = (^1i + ~1i)x2i + !0i(^2i + ~2i) + (^3i + ~3i)!0iIqi
(e3i + 2i) + d2i + k1i(x2i + d1i)
(5.52)
The presence of the new parameter estimation error ~mi suggests the following form
of the CLF:
W2i = W1i +
1
2
e22i +
1
21i
~21 +
1
22i
~22i +
1
23i
~23i (5.53)
where zi with z = 1; 2; 3 represents the adaptation gain which is selected in such
a way that the estimation errors converge to zero. The speed of convergence and
transient response depends on the values of zi. Now, the derivative of the CLF as
expressed by equation (5.53) can be written as:
_W2i = _W1i + e2i _e2i   1
1i
~1i
_^
1i   1
2i
~2i
_^
2i   1
3i
~3i
_^
3i (5.54)
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Inserting equations (5.47) and (5.52) into equation (5.54) yields
_W2i =  k1ie21i + e2i(e1i + ^1ix2i + !0i^2i+
^3i!0iIqi(e3i + 2i) + k1ix2i)  ~1i 11i ( _^1i 
1ie2ix2i)  ~2i 12i ( _^2i   2ie2i!0i)  ~3i 13i ( _^3i 
3ie2i!0iIqi(e3i + 2i)) + e1id1i + e2i(d2i + k1id1i)
(5.55)
The stabilizing function 2i which will stabilize the speed deviation error dynamic
can be selected as:
2i =   1
^3i!0iIqi
(e1i + ^1ix2i + ^2i!0i + k1ix2i + k2ie2i) (5.56)
and the inuence of ~1i, ~2i, and ~3i from equation (5.55) can be eliminated by
designing the adaptation laws:
_^
1i = 1ie2ix2i
_^
2i = 2ie2i!0i
_^
3i = 3ie2i!0iIqi(e3i + 2i)
(5.57)
However, to overcome the over-parameterization problem caused by appearance of
1i; 2i, and 3i in the subsequent steps, the adaptation laws as represented by equa-
tion (5.57) will not be used at this step to update ^1i; ^2i, and ^3i. Instead, the
following tuning functions are dened:
1i = e2ix2i
2i = e2i!0i
3i = e2i!0iIqi(e3i + 2i)
(5.58)
Using these tuning functions, equation (5.55) can be written as:
_W2i =  k1ie21i   k2ie22i + ^3i!0iIqie2ie3i   ~1i( _^1i 11i
  1i)  ~2i( _^2i 12i   2i)  ~3i( _^3i 13i   3i)
+ e1id1i + e2i(d2i + k1id1i)
(5.59)
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It can be observed that the rst two terms in the right side of equation (5.59) are
negative denite and the coupling term e2ie3i will be canceled in the next step as the
design objective is to make e3i = 0. Since the decision about the estimation of three
unknown parameters has not been nalized yet, the fourth, fth, and sixth terms
on the right side of equation (5.59) are tolerated at this step. Finally, the last two
terms on the right side of equation (5.59) will become zero if e2i is zero. To obtain
the actual control input Efdi, the derivative of 2i is essential which is written as
follows
_2i =   1
!0iIqi^3i
( _e1i +
_^
1ix2i + ^1i _x2i + !0i
_^
2i + k1i _x2i
+ k2i _e2i) +
1
(^3iIqi)2!0i
(e1i + ^1ix2i + ^2i!0i + k1ix2i
+ k2ie2i)( _Iqi^3i + _3iIqi)
(5.60)
and simplied as:
_2i = Ai +Bi1i + C12i + Ei3i + Fi +Gi(d1i + d2i) (5.61)
where
Ai =
1
(^3iIqi)2!0i
(e1i + ^1ix2i + ^2i!0i + k1ix2i
+ k2ie2i)( _Iqi^3i + _3iIqi)
Bi =   x2i
!0iIqi^3i
(^1i + k1i + k2i)
Ci =  (^1i + k1i + k2i)
^3iIqi
Ei =  (^1i + k1i + k2i)
^3i
Fi =  (x2i + x2i^1i + !0i^2i + x2ik1ik2i)
^3iIqi!0i
Gi =  (1 + k1i + k2i)
^3iIqi!0i
The derivation of the excitation control law along with the stability and robustness
analysis of the whole power system is shown in the following step.
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Design step 3: By taking the time derivative of equation (5.50), the dynamic
of the nal error can be obtained as follows:
_e3i = _x3i   _2i (5.62)
Inserting the values of _x3i from the third equation of (5.39) and _2i from equa-
tion (5.61), equation (5.62) can be written as:
_e3i =  4ix3i + 5iIdi + 4iEfdi + d3i   Ai  Bi1i   C12i   Ei3i
  Fi  Gi(d1i + d2i)
(5.63)
Incorporating the estimation errors into equation (5.63) gives
_e3i =  (^4i + ~4i)(x3i   Efdi) + (^5i + ~5i)Idi + d3i   Ai  Bi(^1i + ~1i)
  C1(^2i + ~2i)  Ei(^3i + ~3i)  Fi  Gi(d1i + d2i)
(5.64)
The excitation control signal Efdi is now available in equation (5.64) which needs to
be designed in such a way that the errors e1i, e2i and e3i converge to zero as t!1.
At this point, the nal CLF can be written as:
W3i =W2i +
1
2
e23i +
1
24i
~24i +
1
25i
~25i (5.65)
and the derivative of W3i becomes
_W3i = _W2i + e3i _e3i   1
4i
~4i
_^
4i   1
5i
~5i
_^
5i (5.66)
Substituting the values of _W2i and _e3i into equation (5.66) yields
_W3i =  k1ie21i   k2ie22i + e3i( ^4ix3i + ^5iIdi + ^4iEfdi
  Ai  Bi^1i   Ci^2i   Ei^3i   Fi + ^3i!0iIqie2i
+3i)  ~1i( 11i _1i   1i +Bie3i)  ~2i( 12i _2i
  2i + Cie3i)  ~3i( 13i _3i   3i + Eie3i)  ~4i
( 14i _4i + e3i(x3i   Efdi))  ~5i( 15i _5i   Idie3i)
+ e1id1i +2ie2i
(5.67)
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where 2i = d2i + k1id1i and 3i = d3i   Gi(d1i + d2i). The excitation control law
can be chosen as:
Efdi =   1
^4i
( ^4ix3i + ^5iIdi   Ai  Bi^1i   Ci^2i 
Ei^3i   Fi + ^3i!0iIqie2i +3i + F3isgn(e3i)
+ k3ie3i)  e2iF2isgn(e2i)  e1iF1isgn(e1i)
(5.68)
where sgn is the signum function which can be written as follows:
sgn(ei) =
8>>><>>>:
+1 if ei > 0
0 if ei = 0
 1 if ei < 0
(5.69)
The external disturbances (d1i; 2i; and; 3i) are assumed to be bounded by
known constants F1i; F2i and F3i that is, j d1i j F1i, j 2i j F2i, and j 3i j F3i.
Under this situation, equation (5.67) can be rewritten as:
_W3i =  k1ie21i   k2ie22i   k3ie23i + e3i(3i   F3isgn(e3i))
  ~1i( 11i _1i   1i +Bie3i)  ~2i( 12i _2i   2i+
Cie3i)  ~3i( 13i _3i   3i + Eie3i)  ~4i( 14i _4i
+ e3i(x3i   Efdi))  ~5i( 15i _5i   Idie3i)
+ e1i(d1i   F1isgn(e1i)) + e2i(2i   F2isgn(e2i))
(5.70)
Since ~1i, ~2i, ~3i, ~4i, and ~5i are not available, the best way to cancel these terms
in _W3i by selecting the following adaptation laws:
_1i = 1i(1i  Bie3i)
_2i = 2i(2i   Cie3i)
_3i = 3i(3i   Eie3i)
_4i =  4ie3i(x3i   Efdi)
_5i = 5iIdie3i
(5.71)
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The resulting derivative of _W3i is given as
_W3i =  k1ie21i   k2ie22i   k3ie23i + e3i(3i   F3isgn(e3i))+
e2i(2i   F2isgn(e2i)) + e1i(d1i   F1isgn(e1i))  0
(5.72)
Since j d1i j F1i, j 2i j F2i, and j 3i j F3i, so _W3i  0. From equation (5.72), it
is obvious that the error dynamics of the system is asymptotically stable. Therefore,
the derived robust adaptive backstepping control law stabilizes the whole system.
The performance of the designed controller is evaluated in the following subsection
while comparing with an existing nonlinear controller.
5.3.3 Controller performance evaluation
The implementation block diagram and the test system of the proposed robust
adaptive backstepping control scheme are exactly similar to that as presented in
Fig. 5.3 and Fig. 5.4. Since the performance of the designed controller depends
on the selection of control parameters, the tuning parameters for the controller is
considered as: k1i = k2i = 2, and k3i = 5 while the adaptation gain parameters
are chosen as: 1i = 2i = 10; 3i = 2, and 4i = 5i = 1. The performance of the
designed controller is evaluated on the test system under dierent scenarios through
the following case studies:
 Changes in the mechanical power input to G3 along with inclusion of external
noises to the system and
 Permanent removal of one transmission line between bus-7 and bus-8 along
with inclusion of external noises to the system.
For all these cases, the faults suddenly appear at t= 12 s and clears at t=12.2 s
whereas the external white Gaussian noise with a variance of 0.01 is used to represent
external disturbances in this simulation. The performance of the designed robust
adaptive excitation controller (RAEC) is compared with that of an existing nonlinear
adaptive backstepping excitation controller (ENABEC) as proposed in [45].
 Case 1: Changes of mechanical power input to G3 along with inclu-
sion of external noises to the system
In a multimachine power system, when the steady-state condition is disturbed due
to the changes in loads; the output power of the synchronous generator will change
which in turn aects the mechanical power input to the synchronous generator. To
simulate this scenario, it is considered that mechanical power input to the generator
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Figure 5.27. Terminal voltages with changes of mechanical power input to G3 along
with external noises within the system
remains constant, i.e., 0.8 pu till t=12 s and the mechanical power input changes
from 0.8 pu to 0.9 pu for a period of 6 s, i.e., from t=12 s to t=18 s. The load settles
down to the original steady-state condition after t=18 s and the system continues
to operate at this point. This scenario can be summarized as follows:
Pm =
8>>><>>>:
0:8 0 s  t < 12 s;
0:8 + Pm 12 s  t  18 s;
0:8 t > 18 s.
(5.73)
where Pm = 0:10 pu. In this case study, external noises have been added to the
mechanical power inputs of G1 and G3. When the mechanical power is perturbed
to a new constant value, the equilibrium of the system will shift to a new operating
point. The corresponding responses of the power system under this case study are
shown from Fig. 5.27 to Fig. 5.30. From Fig. 5.27 (a) and Fig. 5.27 (b), it can be
seen that when the RAEC (solid black line) is used the terminal voltage responses
of synchronous generators G1 and G3 settle back to their steady-state in a faster
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Figure 5.28. Speed deviations with changes of mechanical power input to G3 along with
external noises within the system
way than that of ENABEC (dotted red line).
The speed deviation responses of synchronous generators G1 and G3 are shown
in Fig. 5.28 (a) and Fig. 5.28 (b), respectively. It can clearly be seen that the
convergence speed of the RAEC (solid black line) is much faster than that of the
ENABEC (dotted red line).
The corresponding rotor angle responses are shown in Fig. 5.29 (a) and Fig. 5.29
(b), respectively from where it can be seen that when the rotor angle of G3 settles
to a new operating point with less oscillation (solid black line) when the designed
RAEC is used. However, the ENABEC which takes a few cycles to settle down to a
new operating point (dotted red line). The corresponding mechanical power input
(dotted black line) and electrical power output of G3 are shown in Fig. 5.30 which
clearly demonstrate that the RAEC (solid black line) eciently tackles the changes
in mechanical power inputs along with external noises compared to the ENABEC.
 Case 2: A transmission line-1 between bus-7 and bus-8 is perma-
nently removed along with the inclusion of external noises to the
system
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Figure 5.29. Rotor angles with changes of mechanical power input to G3 along with
external noises within the system
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Figure 5.31. Active power ow from area 1 to area 2 through transmission lines 1 and
2 when the transmission line-1 between bus-7 and bus-8 is permanently tripped with the
inclusion of external noises to the system
To further evaluate the eectiveness of the RAEC, a permanent fault is applied on
the test system by removing the transmission line-1 between bus-7 and bus-8 at
t=12 s along with inclusion of external noises to the system. In such a condition,
the system becomes stressed and the equilibrium point of the system will be shifted
to a new corresponding point which is shown from Fig. 5.31 to Fig. 5.34. After t=12
s, no power will ow through transmission line-1 but the transmission line-2 will
carry the excess power which can be seen in Fig. 5.31 (a) and 5.31 (b), respectively .
It clearly indicates that the RAEC is more eective than the ENABEC in damping
inter-area oscillations and thus, the designed controller improves the stability and
power transfer limit from area-1 to area-2.
From Fig. 5.32 to Fig. 5.34, it can be seen that the dynamic responses of the
system settle down to a new operating point with less uctuations when the RAEC
is applied. From the simulation results, it has been clearly demonstrated that the
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Figure 5.32. Terminal voltages when the transmission line-1 between bus-7 and bus-8 is
permanently tripped with the inclusion of external noises to the system
designed RAEC signicantly improves the robustness and transient stability of mul-
timachine power systems when the systems are subjected to the variations in pa-
rameters and external disturbances.
The designed excitation controllers so far discussed in this chapter are adaptive to
unknown parameters of synchronous generators and robust to the bounded external
disturbances in a multimachine power system. From the simulation results, it is
also evident that all the designed excitation controllers are more eective than the
existing excitation controllers in terms of providing damping into the system and
settling the responses to their pre-fault steady-state operating points. However, all
these excitation controllers are designed based on the classical third-order models
of synchronous generators where the dynamics of excitation systems are not taken
into account though these exciters are integral parts of synchronous generators in
power systems. Under these conditions, the performance of the designed excitation
controllers will be degraded when these controllers will be implemented on higher-
order simulation models of multimachine power systems. Therefore, it is essential
to design excitation controllers for synchronous generators in a multimachine power
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Figure 5.33. Speed deviations when the transmission line-1 between bus-7 and bus-8 is
permanently tripped with the inclusion of external noises to the system
system by considering the dynamics of both synchronous generators and excitation
systems while considering all stability sensitive parameters as unknown. The design
of such an excitation controllers is presented in the following section.
5.4 Adaptive Backstepping Excitation Controller Design
for Multimachine Power Systems based on the
Fourth-Order Model
In this section, the proposed nonlinear adaptive controller is designed based on the
fourth-order dynamical models of power systems which include the dynamics of
both synchronous generators and excitation systems. The dynamical model of such
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Figure 5.34. Rotor angles when the transmission line-1 between bus-7 and bus-8 is
permanently tripped with the inclusion of external noises to the system
a synchronous generator in a multimachine power system can be written as follows:
_i = !i   !0i
_!i =   Di
2Hi
(!i   !0i) + !0i
2Hi
Pmi   !0i
2Hi
E 0qiIqi
_E 0qi =  
1
Tdoi
E 0qi +
(xdi   x0di)
Tdoi
Idi +
1
Tdoi
Efdi
_Efdi =  Efdi
TAi
+
KAi
TAi
(Vrefi + Vci   Vti)
(5.74)
The dynamical model as represented by equation (5.74) is used to design the pro-
posed adaptive excitation controller. The dynamical model in equation (5.74) com-
prises dierent parameters of synchronous generators and excitation systems which
usually appears in the excitation control law. Since the proposed scheme is based
on the estimation of parameters, it is required formulate the control problem by
considering this issue as discussed in the following subsection.
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5.4.1 Formulation of control problems
The main purpose of the proposed excitation control scheme is to ensure the sta-
bility of power systems under dierent operating conditions. The implementation
of excitation controllers usually requires the parametric information of synchronous
generators along with other physical properties of the system such as speed devi-
ation, active power, terminal voltage, etc. The physical properties can either be
directly measured or be expressed in terms of measurable properties. However, it
is very dicult to know the exact parametric information of the system as some of
these parameters vary with changes in operating conditions as discussed earlier in
this chapter. During the transient conditions (whether faults or load changes), the
automatic voltage regulator (AVR) continuously adjusts the terminal voltage which
causes the variation in the time constant (TAi) of the AVR. The variations of these
parameters signicantly aect the stability margin of power systems [56]. Therefore,
these parameters can be considered as unknown and estimated through parameter
adaptation laws or estimators. Based on this discussion, the unknown parameters
can be expressed through the following terms on the basis of the dynamical model
as represented by equation (5.74):
1i =
Di
2Hi
; 2i =
!0i
2Hi
Pmi; 3i =
!0i
2Hi
; 4i =
1
Tdoi
;
5i =
xdi   x0di
Tdoi
; 6i =
1
TAi
; and 7i =
KAi
TAi
where 1i; 2i; 3i; 4i; 5i; 6i; and 7i represent the unknown parameters. With
these unknown parameters, the dynamical model of ith synchronous generation can
be written as follows:
_x1i = x2i
_x2i =  1ix2i + 2i   3iIqix3i
_x3i =  4ix3i   5iIdi + 4ix4i
_x4i =  6ix4i + 7i(i + Vci)
(5.75)
where x1i = i, x2 = !i   !0i, x3i = E 0qi, and x4i = Efdi are the states variables
of ith synchronous generation, and i = Vrefi   Vti. The parameter estimators and
excitation controller are designed based on this model as discussed in the following
subsection.
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5.4.2 Design of parameter estimators and adaptive excitation
controller based on the fourth-order model
The main objectives of this subsection are to design the estimators to estimate un-
known parameters and obtain the excitation control law Vci to stabilize the power
system. During the design procedure of the adaptive controller the errors corre-
sponding to each state are minimized by considering the next state as a stabilizing
function and the process continues until the excitation control law is obtained at
the nal stage. The parameter estimators are also obtained at the nal step. The
stability of the system is analyzed at each step through the formulation of control
Lyapunov functions (CLFs). Based on the dynamical model in equation (5.75), the
virtual control variable x2i will steer x1i to its desired value x1di while x3i will mini-
mize the error between x2i and x2di where x2di is the desired value of x2i. Similarly,
x4i will stabilize the error between x3i and x3di while the excitation control law Vci
will stabilize the whole power system. The corresponding stabilizing functions to
these virtual control variables; i.e.,x2i, x3i, and x4i are x2di, x3di, and x4di; respec-
tively. The details of these stabilization processes are presented in Appendix-9.2.
Based on the design procedure as presented in Appendix-9.2, the adaptive excitation
control input and parameter adaptation laws for a fourth-order dynamical model of
synchronous generators in a multimachine power system can be written as follows:
Excitation control input (Vci):
Vci =
1
^7i
[^6ix4i  i^7i  G1i^1i  H1i^2i   I1i^3i + A1i
  (D1i + F1i + e3i)^4i  D2i^5i +B1i + Ji   f4ie4i]
(5.76)
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Figure 5.35. IEEE 10-machine 39-bus New England power system
Parameter adaptation laws:
_^
1i = 11i + 1iG1ie4i
_^
2i = 22i + 2iH1ie4i
_^
3i = 33i + 3iI1ie4i
_^
4i = 4i + (D1i + F1i)4ie4i
_^
5i =  5i + 5ie4iD2i
_^
6i =  6ie4ix4i
_^
7i = 7ie4i(i + Vci)
(5.77)
where all symbols as appears in equations (5.76) and (5.77) have their usual mean-
ing which can found in Appendix-9.2. The eectiveness of the designed controller
based on this fourth-order model is discussed in the following subsection through
simulation studies under dierent operating conditions.
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5.4.3 Simulation results
The performance of the designed controller is evaluated on an IEEE 10-machine
39-bus power network as shown in Fig. 5.35. The IEEE 39-bus 10-machine New
England power system as presented in Fig. 5.35 is considered as a large system
which is widely used by the power engineering community to analyze the perfor-
mance of any new excitation controller. The test system in Fig. 5.35 has a total
generation of 6193.41 MW with a total demand of 6150.5 MW. All 10 generators
are considered as synchronous generators though the synchronous generator (G1) at
bus-39 is considered as an innite bus. All these 10 generators are interconnected
through transformers and transmission lines. The excitations systems for all gener-
ators except G1 are considered as IEEE Type{II exciters. The detailed parameters
of these generators, excitation systems, transmission lines, and loads can be found
in [72]. However, the generators which aect the stability of the whole systems
are identied rst as the implementation of the designed controllers may not be a
cost-eective solution. For this purpose, the modal analysis as presented in [42] is
used and it is identied that the synchronous generators at bus-32 (G3) and bus-34
(G4) adversely aect the stability of the system as compared to other generators
within the system. Therefore, the designed controller is implemented only to these
synchronous generators. The physical limits of excitation voltages are considered as
6 pu in order to avoid the over excitation problems. By considering this fact, the
designed nonlinear excitation controller is implemented with the excitation systems
of G3 and G4 in order to modulate the excitation control signals. Dierent operat-
ing conditions are considered to evaluate the performance of the designed controller
and these operating conditions can be described through the following cases:
 A three-phase short circuit fault at the terminal of G3 and
 A three-phase short circuit fault at the transmission line between bus-16 and
bus-19.
In both cases, the fault is applied at t=11 s and cleared at t=11.2 s. The
performance of the designed nonlinear ABEC (NABEC) is compared with an existing
nonlinear ABEC (ENABEC) as proposed in [213].
 Case 1: Controller performance when a three-phase fault is applied
at the terminal G3
In this case study, a three-phase short-circuit fault is applied at the terminal of G3.
In power systems, three-phase short-circuit faults at the terminals of synchronous
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Figure 5.36. Responses of terminal voltages when a three-phase short-circuit fault is
applied at the terminal of G3
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Figure 5.37. Responses of speed deviations when a three-phase short-circuit fault is
applied at the terminal of G3
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Figure 5.38. Responses of rotor angles when a three-phase short-circuit fault is applied
at the terminal of G3
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Figure 5.39. Responses of output active power when a three-phase short-circuit fault is
applied at the terminal of G3
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Figure 5.40. Responses of estimation parameters
generators are the most severe faults. When such faults are applied at the terminal
of G3, the terminal voltage of G3 will be zero during the fault period, i.e., from
t=11 s to t=11.2 s. However, the terminal voltage usually remains in the steady-
state during the pre-fault condition and needs to be settled down to its same value
as soon the fault is cleared. From Fig. 5.36 (a), it can be seen that the terminal
voltage of G3 is zero from t=11 s to t=11.2 s. Since G4 aects the stability of power
systems, its terminal voltage will also be aected but will not be zero when the fault
is applied at the terminal of G3 which can be seen from Fig. 5.36 (b). Both of these
voltages settle down to their pre-fault steady-state values in a much faster way when
the designed NABEC is used and compared with the ENABEC.
Similarly, the speeds of synchronous generators G3 and G4 will exhibit oscillating
characteristics during the fault period which will continue for some times even after
the clearance of the fault. Since synchronous generators operate at synchronous
speeds, the zero speed deviations ensure the stable operation of these generators
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Figure 5.41. Terminal voltages of synchronous generators when a three-phase fault is
applied on the transmission line between bus-16 and bus-19
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Figure 5.42. Speed deviations of synchronous generators when a three-phase short-circuit
fault occurs at the transmission line between bus-16 and bus-19
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Figure 5.43. Rotor angles of synchronous generators when a three-phase short-circuit
fault occurs at the transmission line between bus-16 and bus-19
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Figure 5.44. Responses of output active power when a three-phase short-circuit fault
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in terms of speed responses. From Fig. 5.37, it can be seen that both controllers
provide the zero speed deviations but the convergence speed of the designed ABEC
(black line) is much faster than the EABEC (blue line). This fault will also aect
the rotor angles of G3 and G4. The rotor angle responses of G3 and G4 are shown
in Fig. 5.38 (a) and Fig. 5.38 (b), respectively. From Fig. 5.38, it can be seen
that the designed NABEC (black line) provides better damping as compared to
the ENABEC (blue line). The active power responses of G3 and G4 are shown
in Fig. 5.39 (a) and Fig. 5.39 (b), respectively from where it can be seen that the
designed excitation controller (black line) damps the oscillations more eectively
than the existing excitation controller (blue line).
During this simulation, the initial values of the unknown parameters are con-
sidered as: (0)=(0.75,0.07, 0.15,0.2,0.4, 64, 13340). The designed adaptation laws
will estimate these parameters and update these parameters until they reach their
desired values. The responses corresponding to the parameter estimation capability
of the designed adaptation laws are shown in Fig. 5.40 from where it can be ob-
served that the estimated values of the unknown parameters are disturbed when the
fault occurs and again settled down to their steady-state values within few seconds.
Therefore, it can be concluded that the designed NABEC has the ability to estimate
the desired values of unknown parameters.
 Case 2: Controller performance when a three-phase fault is applied
at the transmission line between bus-16 and bus-19
The performance of the designed excitation controller is also tested when a three-
phase short-circuit fault occurs on the transmission line between bus-16 and bus-19.
The terminal voltage responses of G3 and G4 are shown in Fig. 5.41 (a) and 5.41
(b), respectively. From Fig. 5.41, it can be seen that the terminal voltages of G3
and G4 are not zero during the fault period. However, the designed NABEC (black
line) settles down the terminal voltage responses to their steady-state values in a
much faster way as compared to the ENABEC (blue line).
The speed deviations and rotor angles responses of G3 and G4 are shown in
Fig. 5.42 and Fig. 5.43, respectively. From Fig. 5.42, it can be seen that both con-
trollers achieve the zero speed deviation during the post-fault steady-state condition.
However, the designed NABEC (black line) can provide better control performance
than the ENABEC (blue line). From Fig. 5.43, it can be seen that the rotor angle
responses have much smaller oscillations when the designed NABEC (black line) is
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used and the oscillations are damped out in a much faster way than the ENABEC
(blue line). The corresponding output active power responses of G3 and G4 are
shown in Fig. 5.44 (a) and Fig. 5.44 (b), respectively. From Fig. 5.44, it can be
seen that there are less oscillations with the designed NABEC as compared to the
ENABEC.
From the above case studies, it is obvious that the designed NABEC provides
better performance in terms of settling time and oscillation damping as compared
to the ENABEC. However, the external disturbances or measurement noises are
not considered in this design procedure though unexpected external disturbances or
measurement noises degrade the performance of the designed excitation controller.
To overcome this problem, a robust adaptive excitation controller is designed in the
following section by considering the fourth-order model.
5.5 Robust Adaptive Excitation Controller Design for
Multimachine Power Systems based on the
Fourth-Order Model
This section will focus on the design of a robust adaptive excitation controller for
synchronous generators in multimachine power systems. The controller is designed
to provide robustness against parametric uncertainties and external disturbances
while enhancing the transient stability of multimachine power systems. The perfor-
mance of the excitation controller depends on the accuracy of the dynamical and
generally, some useful properties of the system need to sacrice in order to simplify
the model. The modeling errors may also appear due to the external disturbances,
e.g., noises from the measurements. Therefore, the inclusion of external disturbances
within the dynamical model of synchronous generators will improve the performance
of the system if the controller is designed based on such models. With the inclusion
of external disturbances, the fourth-order dynamical model of power systems can be
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written as follows:
_i = !i   !0i + d1i
_!i =   Di
2Hi
(!i   !0i) + !0i
2Hi
Pmi   !0i
2Hi
E 0qiIqi + d2i
_E 0qi =  
1
Tdoi
E 0qi +
(xdi   x0di)
Tdoi
Idi +
1
Tdoi
Efdi + d3i
_Efdi =  Efdi
TAi
+
KAi
TAi
(Vrefi + Vci   Vti) + d4i
(5.78)
where d1i; d2i; d3i; and d4i are the bounded model errors or external disturbances.
The proposed robust adaptive excitation controller is designed based on the dynam-
ical model in equation (5.78) by incorporating parametric uncertainties and external
disturbances. However, the control problems need to be formulated, as discussed in
the following subsection, to highlight the importance of the proposed scheme.
5.5.1 Control problem formulation
The variations of stability sensitive parameters along with the time constant of the
AVR (TAi) signicantly aect the system to achieve the desired steady-state opera-
tion after the transients which have already been discussed in this chapter. By in-
corporating all unknown parameters within the dynamical model of ith synchronous
generator in a multimachine power system, equation (5.78) can be rewritten as fol-
lows:
_x1i = x2i + d1i
_x2i = 1ix2i + 2i + 3iIqix3i + d2i
_x3i = 4ix3i + 5iIdi + 4ix4i + d3i
_x4i =  6ix4i + 7i(Vrefi + Vci   Vti) + d4i
(5.79)
where x1i = i, x2 = !i !0i, x3i = E 0qi, and x4i = Efdi are the states variables of the
multimachine power system. The proposed excitation controller is designed based
on this model and the detailed design steps are outlined in the following subsection.
5.5.2 Robust adaptive excitation controller design
A step-by-step design process to design the proposed robust adaptive controller has
already been discussed for the third-order model. In this subsection, the whole
design procedure is not discussed as the detailed design process is presented in
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Appendix-9.3. Based on the design procedure as presented in Appendix-9.3, the
robust adaptive excitation control input and parameter adaptation laws for the
fourth-order dynamical model of synchronous generators in a multimachine power
system can be written as follows:
Excitation control input:
Vci =   1
^7i
[ ^6ix4i +G1i^1i +H1i^2i + I1i^3i + (D1i
+ F1i)^4i +D11i^5i   A1i  B1i   Ji + k4ie4i+
4isgn(e4i)]  e3i3isgn(e3i)  e2i2isgn(e2i)
  e1i1isgn(e1i)
(5.80)
Parameter adaptation laws:
_^
1i = 11i + 1iG1ie4i
_^
2i = 22i + 2iH1ie4i
_^
3i = 33i + 3iI1ie4i
_^
4i = 4i + (D1i + F1i)4ie4i
_^
5i = 5i + 5ie4iD11i
_^
6i =  6ie4ix4i
_^
7i = 7ie4i(Vrefi + Vci   Vti)
(5.81)
where all the user dened variables can be found in Appendix-9.3. The control
input in equation (5.80) is used for dierent synchronous generators in a multima-
chine power system in order to evaluate the performance of the designed excitation
controller as discussed in the following subsection.
5.5.3 Simulation results
The IEEE 10-machine 39-bus power system is used to show the robustness of the
designed excitation controller under a most severe fault on the system. A three-
phase short-circuit fault is applied at bus-32 where G3 is connected and this type
of fault is also known as a fault at the terminal of the synchronous generator. The
fault is applied at t=14 s for a duration of 0.2 s, i.e., the fault is cleared at t=14.2
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Figure 5.45. Terminal voltages of G3 and G4
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Figure 5.47. Control signals of G3 and G4
s. A three-phase short-circuit fault at the terminal of a synchronous generator
is considered as the most severe faults in power systems. The severity will be
increased if there are external disturbances due to measurement noises and variations
in parameters. White Gaussian noises are included with all measured variables
which are used as feedback to the design robust adaptive backstepping controller
(RABC). The detailed performance analysis is discussed in the following through
this case study and the comparison is made with an existing adaptive backstepping
controller (EABC) as presented in [213].
During the faulted condition, the terminal voltage of G3 will be reduced to zero
and at the same time, the terminal voltage of G4 will also be aected in a severe way
(but not reduced to zero) as compared to other generators. The terminal voltage
responses of G3 and G4 are shown in Fig. 5.45 (a) and Fig. 5.45 (b), respectively.
From these responses, it can be seen that the terminal voltage settles down to the
pre-fault steady-state condition after clearing the fault at t=14.2 s. However, these
responses settle down to their steady-state values in a faster way as compared to
the EABC when the designed RABC is used.
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Similarly, the speed deviations of both G3 and G4 will exhibit oscillations as soon
the fault is applied as shown in Fig 5.46. The designed RABC adds more damping
within the systems and thus, there are less oscillations and overshoots while the
oscillations persist for a longer period with the EABC. The post-fault steady-state
condition is also quickly achieved with the designed RABC while comparing with
the EABC. The corresponding control signals also exhibit the similar characteristics
to those of the speed deviations and the control signals of both controllers are shown
in Fig. 5.47. From these control signals, it can found that the designed RABC has
the ability to stabilize the system in a much better way as compared to the EABC.
Simulation results with the most severe faults in power systems indicate that the
controller provides robustness against both parametric uncertainties and external
disturbances. However, this robust adaptive excitation controller is designed based
on the fourth-order model of synchronous generators which limits the performance
during the fast transients. Therefore, the next sections will focus on the design
of similar adaptive and robust adaptive excitation controllers by considering more
accurate and realistic models of synchronous generators, e.g., two-axis models of
synchronous generators in a multimachine power system.
5.6 Transient Stability Enhancement of Multimachine
Power Systems with Fifth-Order Models using
Adaptive Backstepping Excitation Controller
The section aims to design the adaptive excitation controller based on the fth-order
dynamical model of synchronous generators in a multimachine power system. For
this purpose, the fth-order dynamical model of ith synchronous generator with an
IEEE Type-II excitation system can be written as follows:
_i = !i   !0i
_!i =   Di
2Hi
(!i   !0i) + !0i
2Hi
[Pmi   (E 0qiIqi + E 0diIdi)]
_E 0qi =  
1
Tdoi
E 0qi  
(xdi   x0di)
Tdoi
Idi +
1
Tdoi
Efdi
_E 0di =  
1
Tqoi
E 0di +
(xqi   x0qi)
Tqoi
Iqi
_Efdi =  Efdi
TAi
+
KAi
TAi
(Vi + Vci)
(5.82)
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Figure 5.48. Speed deviation of the synchronous generator G4 with variations in param-
eters
where Vi = Vrefi   Vti. The dynamical model as represented by equation (5.82)
is considered to identify the excitation control problem in terms of parameter sen-
sitivity. Moreover, the excitation controller is designed based on these equations by
considering the stability sensitive parameters in equation (5.82) as unknown. The
eects of parameters on the stability of power systems are demonstrated in the fol-
lowing subsection in order to formulate the excitation control problem as well as
to incorporate these parameters as unknown during the excitation controller design
process.
5.6.1 Control problem formulation
From the dynamical model as represented by equation (5.82), it can be seen that
there are some parameters which are mainly related to synchronous generators,
excitation systems, and transmission lines. The nonlinear excitation controllers
are designed in such a way that these are independent of the transmission line
parameters [200]. However, the parameters of synchronous generators and excitation
systems, to which these nonlinear excitation controllers are connected, appear in
the excitation control inputs. Thus, the performance of the excitation controllers
depends on the accuracies of using these parameters while it is really tough to
know the exact values of these parameters. Moreover, some of these parameters
change during the operations of power systems and these changes depend on the
transient characteristics. For example, the transient characteristics of power systems
signicantly aect the values of d- and q-axes open-circuit time constants (Tdoi and
Tqoi).
The eects of variations in parameters on the stability of power systems is inves-
tigated on an IEEE standard test system (IEEE 39-bus 10-machine New England
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power system as shown in Fig. 5.35). The parameter sensitivity is analyzed by ob-
serving the speed deviation response of the synchronous generator (G4) connected
to bus-33. When the exact values of the parameters (for both the synchronous gen-
erator and the excitation system) are used, the speed deviation of G4 becomes zero
as shown in Fig. 5.48 which indicates that G4 is operating at the synchronous speed.
However, the speed deviation response of G4 is disturbed (black line in Fig. 5.48)
when the parameter Tdoi of G4 is varied 10% from its nominal values. The eects
of parameter variations become more signicant when both Tdoi and Tqoi are varied
and this can also be seen from Fig. 5.48 (blue line). The speed deviation response
becomes the worst (red line in Fig. 5.48) when Tdoi; Tqoi, and TAi are varied. In all
cases, the variations in parameters are considered as 10% from their nominal values.
Thus, these parameters can be considered as the stability sensitive parameters and
dynamically estimated during the controller design process if these are considered as
totally unknown. The proposed adaptive backstepping excitation controller design
scheme is capable to dynamically estimate any unknown parameters while guarantee-
ing the convergence of dierent physical properties of the system. If the parameters
Tdoi; Tqoi, and TAi are considered as unknown, the terms in equation (5.82) which
include these parameters be represented as the following unknown parameters:
1i =
1
Tdoi
; 2i =  (xdi   x
0
di)
Tdoi
; 3i =   1
Tqoi
4i =
xqi   x0qi
Tqoi
; 5i =   1
TAi
; 6i =
KAi
TAi
With these unknown parameters, the power system model as represented by equa-
tion (5.82) can be written as follows:
_x1i = x2i
_x2i =   Di
2Hi
x2i +
!0i
2Hi
Pmi   !0i
2Hi
(Iqix3i + Idix4i)
_x3i =  1ix3i + 2iIdi + 1ix5i
_x4i = 3ix4i + 4iIqi
_x5i = 5ix5i + 6i(Vi + Vci)
(5.83)
where i, !i !0i, E 0qi, E 0di, and Efdi are replaced with x1i; x2i; x3i; x4i, and x5i, respec-
tively.The proposed adaptive backsteping excitation controller design scheme uses
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this model to obtain the adaptation laws and excitation control input as discussed
in the following subsection.
5.6.2 Adaptive backstepping excitation controller design
This subsection is devoted to obtain the parameter adaption laws and excitation
control input using the adaptive backstepping approach. The main purposes of the
adaptation laws are to estimate unknown parameters while the excitation controller
will ensue the transient stability of power systems under any operating condition.
While estimating the unknown parameters and obtaining the excitation control in-
put using the adaptive backstepping approach, it is essential to ensure the proper
tracking of all state variables (which usually represent all physical properties of the
system) appearing within the model. The stability of all state variables tracking er-
rors will be ensured through CLFs as the negative deniteness or semi-deniteness
of these CLFs guarantee the stability. However, these design procedures are not
repeated here and the detailed design procedures are presented in Appendix-9.4.
Based on the designed procedures as presented in Appendix-9.4, the excitation con-
trol input and adaptation laws are designed as follows:
Excitation control input:
Vci =   1
^6i
[^6iVi + ^5ix5i   Ai +Bi(x3i   x5i)^1i
  ^2iBiIdi + k5ie5i]
(5.84)
Parameter adaptation laws:
_^
1i =  1i + 1ie5iBi(x3i   x5i)
_^
2i = 2i   2ie5iBiIdi
_^
3i = 3i;
_^
4i = 4i;
_^
5i = 5ie5ix5i
_^
6i = 6ie5i(Vi + Vci)
(5.85)
Simulations are carried out in the following section using these adaptation laws and
excitation control input.
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Figure 5.49. Terminal voltages when a three-phase short-circuit fault is applied at the
terminal of G4
5.6.3 Controller performance evaluation
In this subsection, the simulation is carried out an IEEE 39-bus 10-machine power
system in order to show the eectiveness of the designed adaptive backstepping exci-
tation controller (ABEC). Dierent operating conditions are considered to evaluate
the performance of the designed controller and these operating conditions can be
described through the following cases:
 A three-phase short-circuit fault at the terminal of G4 and
 Temporary tripping of the transmission line between bus-14 and bus-15.
For all cases, the faults are applied at t=18 s and cleared at t=18.2 s, i.e., the
fault duration is 0.2 s as the faults with such a fault duration are considered as
signicantly large faults. The performance of the designed ABEC is compared with
an EABEC in [50] under all operating conditions as depicted through following case
studies.
 Case 1: Controller performance in case of a three-phase short-circuit
fault at the terminal of G4
The three-phase short-circuit faults are considered as the most severe faults in power
networks. When such a fault occurs at the terminal of the synchronous generator,
the generator is disconnected from the system through its protection system. There-
fore, the output voltage and power of the generator will be zero during the faulted
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Figure 5.50. Speed deviations when a three-phase short-circuit fault is applied at the
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Figure 5.52. Output active power responses when a three-phase short-circuit fault is
applied at the terminal of G4
condition. However, the speed deviation and rotor angle responses will be disturbed.
Since the there-phase short-circuit fault is applied at the terminal of G4, the terminal
voltage and output active power of this generator will be zero during the fault period
(i.e., from t=18 s to t=18.2 s) which can be seen from Fig. 5.49 (a) and Fig. 5.52 (a),
respectively. Moreover, the terminal voltage and output active power (as shown in
Fig. 5.49 (b) and Fig. 5.52 (b), respectively) of G3 will also be aected as both G4
and G3 swing together. When the fault is cleared at t=18.2 s, the terminal voltages
and output active power responses of G4 and G3 will settle down to their initial
values which are also depicted in Fig. 5.49 and Fig. 5.52. From both of these gures,
it can be seen that there are some oscillations during the post-fault condition and
the designed ABEC damps out these oscillations in much better way as compared
to the EABEC. Similarly, the speed deviation and rotor angle responses of G4 and
G3 as shown in Fig 5.50 and Fig. 5.51, respectively exhibit oscillating characteristics
during the fault and post-fault conditions. But the designed controller ensures the
steady-state operation in a much faster way by providing adequate damping to the
system.
The eectiveness of the adaptation laws to estimate the unknown parameters can
be obtained from the accuracies in parameter estimations. The estimated values of
all unknown parameters are shown in Fig. 5.53 from where it can be seen that there
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Figure 5.53. Estimation of unknown parameters when a three-phase short-circuit fault
is applied at the terminal of G4
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Figure 5.54. Active power ow when the transmission line between bus-14 and bus-15
is temporarily tripped
are some transients at the beginning of the parameter estimations. The transients
at the instant of t=18 s are mainly due to the faults. However, the adaptation laws
bring the unknown parameters to their steady-state values as soon as the fault is
cleared.
 Case 2: Controller performance when the transmission line between
bus-14 and bus-15 is temporarily tripped
In this case study, the transmission line between bus-14 and bus-15 is tripped at t=18
s and reconnected at t=18.2 s. The active power owing through the transmission
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Figure 5.55. Control signals when the transmission line between bus-14 and bus-15 is
temporarily tripped
line between bus-14 and bus-15 is shown Fig. 5.54 from where it is clear that the
active power ow is zero during the tripping period while coming back to its pre-
fault condition along with some oscillations as soon as the line is reconnected. The
designed ABEC eliminates these oscillations in a quicker way as compared to the
EABEC.
The corresponding control signals of G4 and G3 are shown in Fig. 5.55 from
where it can be clearly seen that the excitation control signals of G4 and G3 are
more stable with the designed ABEC while comparing with the EABEC.
From the simulation results, it can also be summarized that the designed con-
troller is capable to improve the transient stability of power systems under a wide
range of operating points without knowing exact information of parameters within
the dynamical model.
Simulation results also reveal that the designed controller so far discussed in
section is more eective as compared to an existing controller in terms of providing
additional damping and maintain faster settling time to settle the physical proper-
ties of power systems into their pre-fault steady-state values. However, the eects
of external disturbances or measurement noises are not taken into account within
the system during the design process of the proposed excitation controller though
the performance of the designed excitation controller will degrade due to these un-
expected external disturbances or measurement noises. Therefoere, it is essential
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to consider these factors within the dynamical nominal model of synchronous gen-
erators in a multimachine power system so that the excitation controller will have
the ability to provide robustness against these factors while enhancing the transient
stability of multimachine power systems. To achieve these control objectives, the
following section is devoted to design a robust adaptive excitation controller for mul-
timachine power systems by considering both parametric uncertainties and external
disturbances within the system.
5.7 Robust Adaptive Backstepping Excitation Controller
Design for Fifth-Order Models of Synchronous
Generators in Multimachine Power Systems
This section will focus to design a robust adaptive excitation controller for fth-order
models of synchronous generators in a multimachine power system with parametric
uncertainties and external disturbances. For this purpose, the nominal model of ith
synchronous generator in a multimachine power system is modied by considering
the eects of external disturbances (which are used to represent model accuracies
and measurement noises) which can be rewritten as follows:
_i = !i   !0i + d1i
_!i =   Di
2Hi
(!i   !0i) + !0i
2Hi
[Pmi   (E 0qiIqi + E 0diIdi)] + d2i
_E 0qi =  
1
Tdoi
E 0qi  
(xdi   x0di)
Tdoi
Idi +
1
Tdoi
Efdi + d3i
_E 0di =  
1
Tqoi
E 0di +
(xqi   x0qi)
Tqoi
Iqi + d4i
_Efdi =  Efdi
TAi
+
KAi
TAi
(Vi + Vci) + d5i
(5.86)
where d1i to d5i are used to incorporate external disturbances. This dynamical
model is used in this section to formulate the control problem as well as to design
the proposed adaptive excitation controller. However, before designing the proposed
excitation controller, the control problem statement is discussed in the following
subsection.
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Figure 5.56. Speed deviation of G3 during dierent operating conditions
5.7.1 Control problem statement
Power systems are inherently stable and the synchronous operation of all syn-
chronous generators is maintained during the steady-state operation. But the steady-
state operation of power systems is adversely aected when there exist large distur-
bances, e.g., short-circuit faults at critical locations or changes in the large portions
of loads, etc. Some parameters of power systems (such as direct- and quadrature-
axis transient time constants of synchronous generators, direct- and quadrature-axis
transient reactances of synchronous generators) heavily rely on the transient char-
acteristics and the slight variations of these parameters signicantly deteriorate the
overall stability margin of the whole system. The addition of external disturbances
along with the variations of these parameters further causes undesirable oscillations
in power systems. All these statements are justied by observing the speed devia-
tion response of the synchronous generator (G3) which is connected to bus-32 of the
IEEE 39-bus 10-machine New England power system.
The speed deviation response of G3 is shown in Fig. 5.56 using a conventional
PSS from where it can be seen that the speed deviation is perfectly zero when the pa-
rameters are exactly known and there are no external disturbances. In this case, the
zero speed deviation which clearly indicates the operation of G3 at the synchronous
speed. The speed deviation is severely aected in the two-axis model of the syn-
chronous generator when the direct- and quadrature-axis transient time constants
(Tdoi and Tqoi) are varied (approximately 10%) from their original values which can
be seen from Fig. 5.56 (blue line). When external disturbances are added within the
system along with the variations in Tdoi, Tqoi, and TAi, the speed deviation response
further exhibits unstable characteristics of the system (red line in Fig. 5.56). There-
fore, it is worth to consider all these parameters as unknown and dynamically esti-
mate these parameters using the proposed robust adaptive backstepping controller
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(RABC) scheme while incorporating the eects of external disturbances within the
power system model. When the parameters Tdoi, Tqoi, and TAi are considered as
unknown, some terms in the dynamical model of power systems in equation (5.86)
can be written as follows:
_x1i = x2i
_x2i =   Di
2Hi
x2i +
!0i
2Hi
Pmi   !0i
2Hi
(Iqix3i + Idix4i)
_x3i =  1ix3i + 2iIdi + 1ix5i
_x4i = 3ix4i + 4iIqi
_x5i = 5ix5i + 6i(Vrefi + Vci   Vti)
(5.87)
where i, !i   !0i, E 0qi, E 0di, and Efdi are represented as x1i; x2i; x3i; x4i, and x5i,
respectively. Finally, the proposed controller is designed by considering the dy-
namical model of power systems as represented by equation (5.87), in the following
subsection.
5.7.2 Robust adaptive backstepping excitation controller design
Rather than repeating the same design procedure as discussed earlier in this chapter,
this subsection summarizes the control input along the with parameter adaptation
laws for the higher-order model of synchronous generators in a multimachine power
system. However, the details design procedures are represented in Appendix-9.5.
Based on the designed procedures as presented in Appendix-9.5, the excitation con-
trol input and parameter adaptation laws can be written as follows:
Excitation control input:
Vci =   1
^6i
[^6i(Vrefi   Vti) + e3i^1i + ^5ix5i   Ai 
^2iBiIdi   k5ie5i]  e1iF1isgn(e1i)  e2iF2isgn(e2i)
  e3iF3isgn(e3i)  e4iF4isgn(e4i)  e5iF5isgn(e5i)
(5.88)
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Adaptation laws:
_^
1i =  1i + 1ie5iBi(x3i   x5i)
_^
2i = 2i   2ie5iBiIdi
_^
3i = 3i;
_^
4i = 4i;
_^
5i = 5ie5ix5i
_^
6i = 6ie5i(Vrefi + Vci   Vti)
(5.89)
Simulation studies are conducted in the following subsection to show the eectiveness
of the designed controller.
5.7.3 Simulation results
Simulation studies are elaborately discussed in this subsection and carried out on
an IEEE 39-bus 10-machine New England test system. The excitation systems for
all synchronous generators except G1 are considered as IEEE Type-II exciters and
the physical limit of the excitation voltage for all exciters are considered as 5 pu
in order to avoid the over-voltage problems. Since the dynamics of turbine-governor
systems are not considered, the mechanical power input to synchronous generators
is considered as constant. Two dierent cases, as mentioned in the following, are
considered to evaluate the performance of the designed nonlinear robust adaptive
backstepping excitation controller (NRABEC):
 A three-phase short-circuit fault at the terminal of G3 and
 A three-phase short-circuit fault at the middle of the transmission line between
bus-16 and bus-19.
For all cases, the faults are applied for a duration of 0.2 s which are used to char-
acterize large disturbances and these faults are initiated at t=13 s while cleared at
t=13.2 s. During the simulations in all cases, the external disturbances are pre-
sented in the form of white Gaussian noise to capture the modeling uncertainties
and measurement noises. In all cases, the performance of the designed NRABEC is
compared with existing RABEC (ERABEC) [59], existing sliding mode controller
(ESMC) [73], and existing robust partial feedback linearizing excitation controller
(ERPFBLEC) [42].
 Case 1: Controller performance in case of a three-phase short-circuit
fault at the terminal of G3
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Figure 5.57. Terminal voltage when a three-phase short-circuit fault is applied at the
terminal of G3
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Figure 5.58. Speed deviation when a three-phase short-circuit fault is applied at the
terminal of G3
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applied at the terminal of G3
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Figure 5.60. Control signal when a three-phase short-circuit fault is applied at the
terminal of G3
The three-phase short-circuit fault at the terminal of a synchronous generator is
considered as the most severe fault in power systems. The impact of such a fault
will be more disastrous when the parameters of synchronous generators are not
accurately known and external disturbances are not captured properly. In this
case study, the three-phase short-circuit fault is applied at the terminal of G3 for
which the terminal voltage will be zero during the faulted period, i.e., from t=13
s to t=13.2 s. The terminal voltage should be settled down to its steady-state
value as soon as the fault is cleared if the excitation controller provides adequate
damping. The terminal voltage of G3 is shown in Fig. 5.57 from where it can be seen
that all control schemes have the capability to maintain the post-fault steady-state
voltage. However, the post-fault oscillations in the terminal voltage (red line) are
more with the ERABEC which is designed by considering the reduced order models,
i.e., ERABEC (RO) of power systems while it is still visible with the ESMC (green
line) and ERPFBLEC (blue line). But there are less oscillations in the voltage
response when the designed NRABEC (black line) is used. Therefore, the designed
NRABEC settles this terminal voltage in a faster way as compared to the existing
control schemes.
The speed deviation of the synchronous generator is normally zero during the
normal operation as the synchronous generator operates at synchronous speed. How-
ever, the zero speed deviation cannot be maintained when the fault is applied. The
speed deviation of G3 exhibits oscillatory characteristics when even after clearing
the short-circuit fault. The speed deviation of G3 is shown in Fig. 5.58 from where
it can be clearly seen that the designed NRABEC provides more damping into the
system as compared to existing controllers and thus, maintains the faster settling
time.
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Table 5.1. Percentage overshoot and settling time of dierent controllers with dierent
responses of G3 for Case 1 (where TV=Terminal voltage, SD=Speed deviation, RA=Rotor
angle)
Control Technique Percentage Overshoot Settling Time (s)
TV SD RA TV SD RA
NRABEC 1.20 0.26 3.82 1.66 4.00 3.97
ERPFBLEC 4.97 0.44 4.44 4.02 4.88 5.16
ESMC 1.40 0.45 11.78 5.95 7.05 7.48
ERABEC (RO) 1.70 0.56 13.14 5.95 8.80 7.48
Table 5.2. Percentage overshoot and settling time of dierent controllers with dierent
responses of G3 for Case II (where TV=Terminal voltage, SD=Speed deviation, RA=Rotor
angle)
Control Technique Percentage Overshoot Settling Time (s)
TV SD RA TV SD RA
NRABEC 2.35 0.09 0.96 1.92 3.92 2.88
ERPFBLEC 6.73 0.098 1.02 3.92 6.60 5.60
ESMC 6.73 0.12 19.38 4.80 10.80 5.28
ERABEC 10.90 0.10 8.90 8.80 8.80 6.68
The corresponding rotor angle response of G3 is shown in Fig. 5.59 which is quite
oscillatory and eventually, settled down to its pre-fault value within few seconds after
clearing the fault. However, this rotor angle response exhibits more oscillatory char-
acteristics with existing controllers while well-damped with the designed NRABEC.
The excitation control signal of G3 is shown in Fig. 5.60 from where it is obvious
that the designed controller has more stable control signal while comparing with
existing controllers.
Table 5.1 shows the quantitative results demonstrating the percentage overshoot
and settling time for dierent responses of G3 when a three-phase short-circuit fault
is applied at the terminal of this generator. From these results, it can be seen that
the designed controller performs better than existing controllers.
 Case 2: Controller performance when a three-phase short-circuit
fault applied at the middle of the transmission line between bus-16
and bus-19
The performance of the designed excitation controller is also tested for another
large disturbance on the test power system. In this case study, a three-phase short-
circuit fault is applied at the middle of the transmission line between bus-16 and
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Figure 5.61. Terminal voltages when a three-phase short-circuit fault occurs at the
middle of the transmission line between bus-16 and bus-19
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Figure 5.62. Speed deviations when a three-phase short-circuit fault occurs at the middle
of the transmission line between bus-16 and bus-19
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Figure 5.63. Rotor angles when a three-phase short-circuit fault occurs at the middle of
the transmission line between bus-16 and bus-19
Table 5.3. Percentage overshoot and settling time of dierent controllers with dierent
responses of G4 for Case II (where TV=Terminal voltage, SD=Speed deviation, RA=Rotor
angle)
Control Technique Percentage Overshoot Settling Time (s)
TV SD RA TV SD RA
NRABEC 3.35 0.093 8.52 2.04 3.55 2.21
ERPFBLEC 6.39 0.118 8.12 4.66 5.23 7.68
ESMC 10.88 0.122 19.38 5.32 6.74 5.73
ERABEC 11.50 0.127 16.22 8.28 8.80 7.25
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bus-19. During the faulted condition, the terminal voltage responses of G3 and G4
will be disturbed but these do not be zero as shown in Fig. 5.61 (a) and Fig. 5.61
(b), respectively. From these gures, it can be observed that the terminal voltages
exhibit less oscillations with the faster settling time for this fault when the designed
NRABEC. However, the settling time is more when existing controllers are used
which clearly ensures that the designed NRABEC acts in a much faster way as
compared to these controllers.
Similarly, the speed deviations and rotor angles of G3 and G4 quickly settle down
to their pre-fault original steady-state conditions as soon as the fault is cleared and
these can easily be seen in Fig. 5.62 and Fig. 5.63. However, the convergence speed
of the NRABEC is much faster than that of existing controllers. Table 5.2 and
Table 5.3 include the percentage overshoot and settling time of both G3 and G4
when a three-phase short-circuit fault occurs at the middle of the transmission line
between bus-16 and bus-19. Both of these tables clearly indicate the superiority
of the designed controller over existing controllers. Simulation results from dier-
ent case studies clearly indicate the designed controller is capable to maintain the
transient stability of power systems under dierent operating conditions even the
parameters of the system are unknown. The main reason behind this is that the de-
signed controller has the robustness characteristics against parametric uncertainties
and external disturbances which have already been incorporated during the design
process. Thus, it can be said that the designed control scheme allows to have some
exibilities for using nominal parameters of synchronous generators while tackling
the adverse eects of external disturbances.
The excitation controllers of synchronous generators so far discussed in this chap-
ter can perform very well to maintain the transient stability of power systems under
some severe external disturbances though all these controllers are designed without
considering the dynamics of turbine-governor systems.. However, when the load
demands are continuously changing and the mechanical power input of synchronous
generators is constant, only these excitation controllers are unable to maintain the
stability of power systems. In such a case, it is essential to adjust the mechanical
power input of synchronous generators to match the load demand which can be
done by controlling the steam-valve position of turbine-governor systems and hence,
the dynamics of turbine-governor systems must be taken into account to design the
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controller. Therefore, a coordinated adaptive backstepping control approach is pre-
sented in the following section which can tackle sudden changes in mechanical and
electrical perturbations to maintain the transient stability of power systems.
5.8 Nonlinear Adaptive Coordinated Controller Design for
Multimachine Power Systems to Improve Transient
Stability
This section is aimed to design a coordinated adaptive backstepping controller for
a multimachine power system based on the third-order dynamical models of syn-
chronous generators and turbine-governor systems as presented in the following.
Synchronous generator model:
_i = !i   !0i
_!i =   Di
2Hi
(!i   !0i) + !0i
2Hi
Pmi   !0i
2Hi
E 0qiIqi
_E 0qi =  
1
Td0i
E 0qi +
(xdi   x0di)
Td0i
Idi +
1
Td0i
Efdi
(5.90)
Turbine-governor model:
_Pmi =  Pmi
TTi
+
KTi
TTi
XEi
_XEi =  XEi
TGi
+
KGi
TGi
Pci   KGi
Ri!0iTGi
!i
(5.91)
The dynamical model as described by equations (5.90) and (5.91) can conveniently
be used to design the proposed coordinated controller to obtain the desired con-
trol inputs for multimachine power systems. The control problem formulation is
discussed in the following subsection before designing the proposed controller.
5.8.1 Control problem for multimachine power systems
The dynamical model of multimachine power systems as represented by equations (5.90)
and (5.91) includes dierent stability sensitive parameters and the variations of these
parameters have signicant eect on the stability of power systems. When a severe
fault (e.g., a three-phase short-circuit fault) occurs at the terminal of synchronous
generators, the reactance of transmission lines changes a lot. This, in turn, rapidly
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changes the conguration of power networks. Also, the parameters of the syn-
chronous generator including both excitation and steam-valve systems, which are
mostly critical parameters and sensitive to the system stability, change signicantly
due to the transients in power networks. In such cases, the power system may lose
its stability as these parameters deviate from their nominal values. In the practi-
cal operation of power systems, the stability sensitive parameters of the excitation
system include the damping co-ecient, inertia constants, direct-axis open-circuit
transient time constants, and direct-axis transient reactance [47]. Similarly, the
time constants of the turbines and governors are sensitive to the stability of power
systems and the changes in these parameters signicantly aect the stability of the
whole system [156].
The excitation and steam-valve controllers need to be designed in such a way
that the variations of these stability sensitive parameters do not aect the stable
operation of power systems. To do this, the stability sensitive parameters with
the power system model can be considered as unknown and estimated through the
adaptation laws. In this section, the stability sensitive parameters to be included are
Di, Hi, Tdoi, and x
0
di for the excitation controller and the steam-valve controller is
designed by considering TTi and TGi as unknown parameters. The unknown terms in
the dynamical model of the synchronous generator in multimachine power systems
are dened as:
1i =
Di
2Hi
2i =
Pmi
2Hi
3i =
1
Hi
4i =
xdi   x0di
Td0i
5i =
1
Td0i
(5.92)
where ji with j = 1; 2; 3; 4; 5 represents the unknown parameters. With these newly
dened terms, the dynamical model of synchronous generators in a multimachine
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power system as represented by equation (5.90) can be rewritten as:
_x1i = x2i
_x2i =  1ix2i + !0i2i   3iIqix3i
_x3i = 4iIdi + 5i(Efdi   x3i)
(5.93)
where x1i = !i !0i, x2i = !i, and x3i = E 0qi. The other unknown terms are dened
as:
6i =   1
TTi
7i =
KT i
TTi
8i =   1
TGi
9i =
KGi
TGi
10i =   KGi
RiTGi
(5.94)
where li with l = 6; 7; 8; 9; 10 represents the unknown parameters. Then, the
turbine-governor system as represented by equation (5.91) can be rewritten as:
_x4i = 6i(x4i + Pm0i) + 7i(x5i +XE0i)
_x5i = 8i(x5i +XE0i) + 9iPci + 10
x2i
!0i
(5.95)
where x4i = Pmi   Pm0i and x5i = XEi   XE0i are new state variables. The un-
known parameters of the system are estimated for the design and implementation
of excitation and steam-valve controllers. The adaptation laws are used to estimate
these unknown parameters where these adaptation laws are obtained in such a way
that the convergences of dierent physical quantities of synchronous generators are
guaranteed. The convergences of dierent physical properties are analyzed through
the formulation of CLFs. The following subsection discusses the design procedure
of a coordinated controller where the coordination is made between the excitation
and steam-valve position controllers.
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5.8.2 Adaptive backstepping controller design
In this subsection, an excitation controller is designed for synchronous generators
based on the model as represented by equation (5.93) and a steam-valve controller
is designed for turbine-governor systems as described by equation (5.95). The main
aims are to nd the excitation control input (Efdi) and valve gate control input
(Pci). Finally, these two control inputs are coordinated to operate under dierent
practical and usual scenarios of power systems such as changes in loads, short-circuit
faults without load changes, and the combination of both short-circuit faults and
load changes. The design of excitation and steam-valve position controllers along
with their coordination are shown in the following subsections.
5.8.2.1 Excitation controller design
This subsection is intended to nd out the excitation control law Efdi which will
steer and stabilize the whole power system to a desired and stable equilibrium point.
In order to achieve these goals, a nonlinear adaptive backstepping approach is used
which has already been discussed earlier in this chapter and therefore, the design
procedures are not repeated here though the detailed design procedures can be seen
in Appendix-9.6. Based on the designed procedures as presented in Appendix-9.6,
the excitation control input and relevant adaptation laws are designed as follows:
Excitation control input:
Efdi =   1
^5i
(^4iIdi   Ai +Bi + Ci + Fi^1i  Gi^2i
+ Ji^3i   ^5ix3i + k3ie3i)
(5.96)
Parameter adaptation laws:
_^
1i = 1iFie3i   1i
_^
2i = 2i   2iGie3i
_^
3i = 3iJie3i   3i
_^
4i = 4ie3iIdi
_^
5i = 5i(Efdi   x3i)e3i
(5.97)
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The design of a steam-valve controller for turbine-governor systems is shown in
following subsection.
5.8.2.2 Steam-valve controller design
In this subsection, the steam-valve position control input Pci is obtained using an
adaptive backstepping control technique and the detailed design procedures are pre-
sented in Appendix-9.7. Based on the design procedure as discussed in Appendix-
9.7, the the steam-valve position control input Pci and parameter adaptation laws
for the turbine-governor system in a multimachine power system can be written as
follows:
Steam-valve position control input:
Pci =   1
^9i
(^8i(x5i +XE0i) + ^10i
x2i
!0i
  i   i^6i   i^7i + k5ie5i) (5.98)
Parameter adaptation laws:
_^
6i = 4i   6iie5i
_^
7i = 5i   7iie5i
_^
8i = 8ie5i(x5i +XE0i)
_^
9i = 9ie5iPci
_^
10i = 10ie5i
x2i
!0i
(5.99)
The coordination logics between the excitation and steam-valve controllers are dis-
cussed in the following subsection.
5.8.3 Coordination between excitation and steam-valve position
controllers
When two controllers (excitation and steam-valve) are implemented separately as
shown in Fig. 5.64 (a), the controllers are said to be non-coordinated as there is
no coordination between these controllers. The sudden changes in mechanical and
electrical properties of power systems (e.g., load changes and short-circuit faults)
certainly aect the transient stability of power systems. As overshadowed earlier, a
coordinated control strategy is required to make the coordination between these two
controllers designed in the previous subsections. The idea of this coordination is to
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Figure 5.64. Implementation block diagram of the proposed controllers
set the control logic to trigger for dierent control actions when dierent cases occur.
In the rst case, there are changes in load demand but no faults within the power
network. The output power (Pei) of the synchronous generator needs to respond the
changes in load demands (PLi). In order to match such changes, steam-valve and
with excitation control actions are required to be active for maintaining the transient
stability of power systems. In the second case, there are changes in load demands
and short-circuit faults. Both excitation and steam-valve controllers are required to
act together to maintain the transient stability of power systems. In the third case,
when the power system is disturbed by external faults but the load demand remains
constant, i.e., the output power (Pei) of the synchronous generator is constant and
the steam-valve position controller does not need to respond. In this case, only
the excitation controller can maintain the transient stability of power systems. By
considering, all these operating scenarios of power systems, the coordination between
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Table 5.4. The values 1i and 2i for the coordinated controller
1i 2i Control action Operating Scenarios
0 0 No controller No changes in the system
1 0 Excitation controller External faults but no changes in loads
1 1 Both controllers External faults along with changes in loads
Steam
Area 2Area 1
G1 G3
T1
T4
T3
T2
1 3
7
65
8
9
10 11
L7 L9C9
C7
25 km 25 km
10 km 10 km
110 km 110 km
G2 G4
42
Steam-valve
Valve controller
Valve controller
Steam
Steam-valve
 
Figure 5.65. Two-area, 4 machine, 11-bus test power system
excitation and steam-valve controllers can be represented by the following equations
ucci = 1iEfdi + 2iPci (5.100)
where 1i and 2i are the membership functions which dene dierent operating
scenarios of the system. The values of 1i and 2i are tabulated in Table 5.4 for
dierent operating conditions. From Table 5.4, it can be seen that the steam-valve
controller cannot act by itself as whenever there are changes in loads, the excitation
system needs to respond along with the turbine-governor system. The block dia-
gram representation of the coordinated controller as described by equation (5.100) is
shown in Fig. 5.64 (a) where the membership functions 1i and 2i play the key role
for the appropriate coordination. The eectiveness of the coordinated controller is
discussed in the following subsection and compared with non-coordinated adaptive
backstepping and coordinated sliding-mode controllers.
5.8.4 Controller performance evaluation
To demonstrate the eectiveness of the designed coordinated control strategy, the
simulations are carried out on a two-area four-machine 11-bus interconnected power
system as depicted in Fig. 5.65. The physical limits of the excitation system are
considered as 7 pu. The generation rate constraint (GRC) is bounded by 0.0017
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Figure 5.66. Mechanical power input G1 and output power of G1 and G3 with the
change in the output power of G1 and three-phase short-circuit fault at the terminal of
G1
pu/s within the turbine. The detailed descriptions of this test system including
the parameters of the turbine-governor systems, synchronous generators, transform-
ers, and transmission lines can be found in [14]. The performances of the designed
coordinated adaptive backstepping controller (CABC) are evaluated under dier-
ent operating scenarios to demonstrate the improvement in the transient stability
through the illustration of dierent physical responses of synchronous generators
such as rotor angle, terminal voltage, synchronous speed, and active power. For
this, the following case studies are conducted:
 Change in output power of synchronous generator G1 and a three-phase short-
circuit fault at the terminal of G1,
 Change in output power of synchronous generator G3,
 Permanent tripping one of the two parallel transmission lines between bus-8
and bus-9, and
 Eects of changes in GRC within the turbine.
For the rst case, the performance of the designed CABC is compared with that
of a non-coordinated controller (NCC). For the remaining three case studies, the
performance of the designed CABC is compared with the performance of an existing
coordinated sliding mode controller (ECSMC) as proposed in [214]. Moreover, the
fault is applied at t = 8 s and cleared at t = 8.2 s for all cases.
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Figure 5.67. Control inputs with a change in generator G1 output power and three-phase
short-circuit fault at generator terminal G1
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Figure 5.68. Estimation of unknown parameters with a change in generator G1 output
power and three-phase short-circuit fault at generator terminal G1
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 Case 1: Change in output power of synchronous generator G1 and
a three-phase short-circuit fault at the terminal of G1
In this case, the performance of the designed control scheme is tested for the
most severe disturbance which is the combination of a three-phase short-circuit
fault at the terminal of the generator and changes in the output power of G1 due
to the changes in load demands. At this time, the output power demand of G1
changes from its nominal value 0.8 to 0.9 pu. The consequences on the mechanical
power input and electrical power output of G1 are shown in Fig. 5.66 (a). The
output power response of G3 is also shown in Fig. 5.66 (b). From Fig. 5.66 (a), it is
clear that the CABC rapidly tackles the change in mechanical power input and the
three-phase short-circuit fault in a very ecient way as compared with the NCC.
The main reason behind these improved performances is the ability of the proposed
control scheme to provide more damping while there is coordination between the
excitation and steam-valve controllers. The relevant control signals for G1 and G3
are shown in Fig. 5.67 (a) and Fig. 5.67 (b), respectively which clearly indicate
that the designed controller is more responsive to the fault and changes in the load
demand as compared with the NCC.
In this case study, the initial values of unknown estimated parameters are consid-
ered as: ^1(0) = 0:02; ^2(0) = 0:08; ^3(0) = 0:055; ^4(0) = 0:245; ^5(0) = 0:2; ^6(0) =
 1; ^7(0) = 2; ^8(0) =  3; ^9(0) = 6:2; ^10(0) =  120. The designed controller
estimates these unknown parameters and the steady-state values these parameters
are obtained through the adaptation laws. The estimated unknown parameters are
shown in Fig. 5.68 from where it can be seen that all unknown parameters quickly
settle down to their original values during the pre-fault conditions and converge to
their steady-state within few seconds after clearing the fault.
 Case 2: Change in output power of synchronous generator G3
The performance of the designed control scheme is tested for a less severe distur-
bance, i.e., slight changes in the output power of synchronous generators which
normally occur in power systems due to the slower variations in loads. Under this
condition, the simulation is carried out by changing the output power of synchronous
generator G3 from its nominal value 0.8 pu to 0.9 pu. The terminal voltage responses
of synchronous generators G1 and G3 are shown in Fig. 5.69 and Fig. 5.70, respec-
tively. It can be seen that the designed CABC (black line) performs in a better way
than the ECSMC (red line).
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Figure 5.69. Terminal voltages in case of a change in output power demand of generator
G3
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Figure 5.70. Speed deviations in case of a change in output power demand of generator
G3
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Figure 5.71. Mechanical power input G3 and output power of G3 and G1 in case of a
change in output power demand of generator G3
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Figure 5.73. Active power ow from area 1 to area 2 when transmission line 1 between
bus-8 and bus-9 is permanently tripped
To ensure the stable operation of power systems, the synchronous generator
operates at the synchronous speed, i.e., the speed deviation should be zero. The
corresponding speed deviation responses of G1 and G3 are shown in Fig. 5.71 (a)
and Fig. 5.71 (b), respectively. From Fig. 5.71 (a) and Fig. 5.71 (b), it is clear that
the convergence speed of the proposed CABC (black line) is much faster than that
of the ECSMC (red line).
In this case, only the steam-valve position control action is required to adjust
mechanical power input and electrical power output of G3, which are shown in
Fig. 5.71 (b). The output power of G1 is shown Fig. 5.71 (a) while the corresponding
control signals are shown in Fig. 5.72 (a) and Fig. 5.72 (b) from where it can be
seen that the designed controller has more stable signal as compared to the existing
controller.
 Case 3: Permanent tripping one of the two parallel transmission
lines between bus-8 and bus-9
In this case study, the transmission line{1, which is in parallel with transmission
line{2, between bus{8 and bus{9 is permanently tripped. Consequently, no power
will ow through the transmission line{1 which is can be seen from Fig. 5.73 (a).
However, the excess power which was owing through the transmission line{1 is
now owing through the transmission line{2 and this can be seen in Fig. 5.73 (b).
With the existing controller, there are more oscillations as compared to the designed
Section 5.9 Chapter Summary 236
Time (s)8 10 12 14 16 18 20
C
o
n
tr
o
l 
in
p
u
t 
(G
1
) 
(p
u
)
0
2
4
6
8
CABC
ECSMC
Time (s)8 10 12 14 16 18 20
C
o
n
tr
o
l 
in
p
u
t 
(G
3
) 
(p
u
)
0
2
4
6
8
CABC
ECSMC
(a) Generator G1
(b) Generator G3
Figure 5.74. Control inputs when transmission line 1 between bus-8 and bus-9 is per-
manently tripped
controller which is also depicted in Fig. 5.73 (b). The corresponding control signals
of G1 and G3 are shown in Fig. 5.74 (a) and Fig. 5.74 (b), respectively.
 Case 4: Eects of changes in GRC within the turbine
In this case study, the values of GRCs have been changed from 0.0017 pu/s to
two dierent values 0.0018 pu/s and 0.002 pu/s within the turbine unit. In this
condition, a three-phase short-circuit fault is applied on the transmission line{1 as
discussed in the third case study and the speed deviations of both G1 and G3 are
observed as shown in Fig. 5.75 (a) and Fig. 5.75 (b). From these gures, it can
be seen the designed controller maintains zero speed deviations for both values of
GRCs and there are less oscillations as compared with the ECSMC.
From the above simulation results for all cases, it is clear that the designed
controller ensures a wider and stable operating region and provides better responses
for all physical quantities of synchronous generators in terms of both settling time
and damping torque than those of the existing controller against large disturbances.
5.9 Chapter Summary
In this chapter, a new recursive method is proposed to design adaptive and ro-
bust adaptive excitation controllers to ensure the dynamic stability of multimachine
power systems. The stability sensitive parameters of synchronous generators as well
turbine-governor systems are considered as unknown and white Gaussian noises are
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Figure 5.75. Speed deviation of G1 and G3 with change of GRC
considered as external disturbances during the design process of the controller. The
uncertain parameters are estimated through adaptation laws by ensuring the con-
vergence of dierent physical properties of synchronous generators which is proved
through the negative semi-deniteness of the derivatives of control Lyapunov func-
tions (CLFs). External disturbances are bounded in such a way that the designed
controller does not deteriorate the stability margin of the system. Dierent scenarios
are considered to evaluate the eectiveness of the designed controller on a two-area
four-machine 11-bus power system as well as on an IEEE 39-bus 10-machine New
England test system. Simulation results with the most severe faults in power systems
indicate that the controller provide robustness against both parametric uncertainties
and external disturbances. Simulation results under dierent operating conditions
clearly also indicate that the designed controller performs much better than the ex-
isting excitation controllers and PSS for a multimachine power system. Therefore,
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the proposed scheme is useful for both small and large-scale power system applica-
tions with synchronous generators. The remaining chapters of this thesis will stress
on the design of controllers for renewable energy applications.
Chapter 6
Nonlinear Adaptive and Robust
Controllers Design for Three-Phase
Grid-Connected Photovoltaic Systems
In this chapter, adaptive and robust adaptive backstepping controllers are designed
for three-phased grid-connected solar photovoltaic (PV) systems. The controllers are
designed based on two dierent dynamical models of grid-connected PV (GCPV)
systems where one model is developed based on the dynamics of currents injected
into the grid while the other model is based on the dynamics of the power injection.
The dynamic of the DC-link voltage is also considered in these models during the
design of both adaptive and robust adaptive backstepping controllers. The adap-
tive backstepping controller is designed to provide robustness against parametric
uncertainties and the robust adaptive backstepping controller ensures robustness
against both parametric uncertainties and external disturbances in GCPV systems.
For both controllers, the control objectives are to ensure the injection of appropri-
ate amount of power (active and reactive) into the grid with high power quality,
i.e., lower total harmonic distortions (THDs) while maintaining the desired DC-link
voltage. The THD is an important gure of merit in power electronic which is used
to measure the level of harmonics in current and voltage waveforms. The THD of
a voltage or current signal can be dened as the ratio of the equivalent root mean
square (rms) voltage or current of all the harmonic frequencies to the rms voltage
or current of the main frequency of the signal. In this thesis, the performance of the
proposed controller is evaluated on a three-phase GCPV system. The performance
of the proposed controller is also compared with an existing nonlinear controller
in order to demonstrate the eectiveness under dierent operating conditions, e.g.,
dierent power factors and changes in atmospheric conditions.
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6.1 Introduction
The integration of renewable energy sources (RESs) has been signicantly increased
over the last few years due to several technical and environmental benets. There
are dierent ways of harvesting energy from RESs and among these RESs, solar
photovoltaic (PV) systems have received a great deal of attention due to their several
advantages such as ease of installation, noise free, safe operation, and environment
friendly without any air pollution [9, 11, 215]. Despite these advantages, there are
several challenges for the grid integration of solar PV systems especially during the
peak power generation of solar PV systems [216]. Moreover, the lifetime of solar PV
generators is much less as compared to the conventional fossil fuel generators [216].
Thus, it is essential to utilize the maximum benet from a solar PV system which is
possible if the maximum generated power can be delivered into the grid with high
power quality, i.e., very low THDs. However, the integration of the PV system with
the existing utility grid poses severe problems in terms of maintaining the stability
of power grids and power quality with lower THDs [116,217,218].
It is essential to track the maximum power point (MPP) before delivering the
maximum power into the grid through a control action of the inverter. Maximum
power point tracking (MPPT) techniques are used to track the MPP of the solar PV
system under changing atmospheric conditions [219{222]. The perturb and observe
(P&O) algorithm is the most commonly used one for extracting maximum power
from PV arrays due to its simplicity [85, 86]. However, this method has several
limitations, e.g., continuous oscillations around the operating point and poor track-
ing result or slower convergence speed. The incremental conductance (IC) method
overcomes the limitations of the P&O method by providing faster convergence speed
under changing atmospheric conditions [223{225]. After obtaining the MPP, it is
essential to control the active and reactive power through switching actions of in-
verters.
The characteristics of diode currents in a solar cell along with the switching
functions of converters and inverters are nonlinear. Moreover, since the availability
of sunlight is intermittent, the output power of the solar PV system is continuously
varying with changes in environmental conditions such as the solar irradiation and
temperature. In such cases, the stability of grid-connected solar PV systems can
be maintained with the design and implementation of dierent types of controllers
which will regulate switching signals of the VSI through a pulse width modulation
Section 6.1 Introduction 241
(PWM) scheme based on cascaded control loops [95]. There is an extensive literature
on the design of linear controllers for grid-connected solar PV systems to maintain
the stability [99, 226, 227]. These linear controllers are very useful to maintain the
stability over a xed set of operating points as these controllers are commonly de-
signed based on the linearized model of grid-connected solar PV systems. For this
reason, these linear controllers are unable to provide the desired control performance
over a wide variation of operating points, i.e., under rapidly changing atmospheric
conditions [226]. Thus, the design and implementation of nonlinear controllers are
essential as these nonlinear techniques can eectively tackle the variations of oper-
ating points.
Nonlinear controllers can be used to overcome the limitations of linear controllers
as these controllers are independent of operating points and have the ability to
provide satisfactory operation for grid-connected solar PV systems under changing
atmospheric conditions [101{104, 228]. There are dierent types of nonlinear con-
trollers in the existing literature of grid-connected solar PV systems such as sliding
mode controller (SMC) [228], model predictive controller (MPC) [101], feedback
linearizing (FBL) controller [102{104], and backstepping controller [108].
Among these nonlinear controllers, the FBL scheme is an eective nonlinear
control scheme for controlling the power injection into the grid from grid-connected
solar PV systems which cancels inherent nonlinearities using a nonlinear coordinate
transformation and transforms the nonlinear system into a fully or partially lin-
earized one. An exact FBL scheme is used in [104, 229] to control the active power
along with an aim to enhance the dynamic stability. However, a grid-connected solar
PV system may not always be exactly linearized and thus, this controller needs to
be implemented by imposing unrealistic some assumptions on the dynamical model
of the system. To overcome these problems, a partial FBL controller is proposed
in [102,103] for controlling the active power over a wide range of operating regions.
However, the FBL controllers as proposed in [102{104,229] are used only to control
active power and this is not the case in recent years as the inverter must need to
provide some reactive power supports. Moreover, these FBL controllers are very
sensitive to the variation of parameters within the grid-connected solar PV system.
Apart from these, the implementation of FBL controllers requires exact parametric
values of the system which is really hard to know in practice. The MPC as pro-
posed in [101] also provides similar benets such as fast dynamic response, accurate
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reference tracking, and constant switching frequency. However, model predictive
approaches are highly sensitive to the variations of systems parameters as well as
external disturbances.
The SMCs provide robust performance against the parameter variations and
external disturbances. An SMC is proposed in [100,106] to ensure the stability of a
three-phase GCPV system by controlling the current injection into the grid. Though
this SMC has strong robustness and good regulation properties, the output power
may signicantly reduce due to chattering phenomenon. A similar control approach
is proposed in [230] which is mainly based on a time-varying sliding surface and the
main aim is to control the power injection into the grid. However, the changes in
atmospheric conditions are very fast in solar PV systems which make the selection
of the time-varying sliding surface as extremely dicult. It is evident from the
existing literature that most of the controllers are designed only for the operation of
the system at unity power factor, i.e., just for delivering active power into the grid.
Therefore, the reactive power consumed by loads in distribution networks need to
be supplied through other external sources which are very expensive. Therefore, a
controller should be designed in such a way that the PV system can inject both
active and reactive power into the grid. Though there is some existing literature
for delivering both active and reactive power into the grid from solar PV systems,
there are no clear indications about the design process of controllers and external
disturbances are neglected [12,107].
A nonlinear backstepping controller is proposed in [105, 108] which overcomes
some limitations of feedback linearizing controllers by considering full nonlinearities
of the system as well as the controller as proposed in [12, 107]. Another Lyapunov
function based backstepping controller is proposed in [231] to control power through
the current injection into the grid. However, the backstepping controller as proposed
in [105,108,231] requires the original parametric values of the system. Moreover, the
backstepping controllers in [105, 108, 231] consider neither parametric uncertainties
nor external disturbances during the design process.
Adaptive backstepping controllers provide promising solutions for maintaining
the dynamic stability of three-phase grid-connected solar PV systems while consid-
ering the parameters of the system as completely unknown and dynamically esti-
mating these parameters through adaptation laws [109]. An adaptive backstepping
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controller is used in [109] where parametric uncertainties are considered and exter-
nal disturbances are neglected. However, the external disturbances have signicant
eects on the stability of three-phase grid-connected solar PV systems and there-
fore, it is essential to design a controller which has the capability to capture both
external disturbances as well as parametric uncertainties. So far, the controllers as
discussed in the above literature are designed based on the dynamics of currents in
the dq-frame.
The literature so far discussed in this chapter mainly focuses on the design
of linear and nonlinear controllers for GCPV systems based on the current con-
trol [103, 232] which are mainly indirect approaches for controlling the injection of
active and reactive power into the grid. However, there is an alternative approach
for which GCPV systems are modeled in such a way that the active and reactive
power can be controlled directly. This approach is also known as a direct power
control (DPC) approach [233{236]. To facilitate the DPC approach, the dynamical
models of GCPV systems need to be developed in terms of the dynamics of active
and reactive power. The control objectives are still similar to that of indirect power
control scheme, i.e., the regulation of the active and reactive power injection into
the grid. A look up table (LUT)-based DPC approach is employed in [237] for
grid-connected PV (GCPV) systems where the control objectives are to minimize
the active and reactive power tracking errors. Though the desired control objec-
tives can easily be achieved through a LUT-based DPC approach, it suers from
the problems of variable switching frequencies and requires accurate parametric in-
formation of the GCPV system. Due to these limitations of the LUT-based DPC
approach, there exist unexpected harmonic spectrums which make the lter design
quite tough [113]. To overcome these drawbacks and maintain the stability of GCPV
systems, a DPC approach based on the model predictive control technique is used
in [114, 115]. Though this approach can provide a fast dynamic response as well
as accurate tracking performance, its eective implementation requires the precise
parametric knowledge of the GCPV system which is very dicult in reality [238].
As mentioned earlier in this section, nonlinear SMCs provide an attractive so-
lution against parametric uncertainties and external disturbances in any systems
including GCPV systems [116]. An SMC along with a DPC scheme is proposed
in [117, 118] to achieve the desired control objectives against fast transients while
guaranteeing the stability of the whole GCPV system. However, the SMC exhibits
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high-frequency oscillations in the control input which are mainly owing to the well-
known the chattering phenomenon. Another major limitation of the SMC is that
the sliding surface connes the stability region through this surface will vary with
changes in environmental conditions.
The nonlinear adaptive backstepping control scheme has the ability to overcome
the limitations of the existing DPC with LUT, model predictive controllers, and
SMCs for GCPV applications. The adaptive backstepping approach allows to con-
sider the parameters of the system as completely unknown and in this way, the
parametric uncertainties can be incorporated into the system model. The adaptive
backstepping controller can be designed based on the model which includes unknown
parameters of the three-phase GCPV system and adaptation laws can be used to
dynamically estimate these unknown parameters [119]. In [109], the parameters of
three-phase GCPV systems are considered as unknown in order to design an adap-
tive backstepping controller with similar control objectives as mentioned earlier,
i.e., the injection of active and reactive power into the grid with high power quality.
Though the adaptive backstepping controller in [109] provides satisfactory operation
of GCPV systems, the active and reactive components of currents are regulated to
control the active and reactive power injection, respectively. In [109], the reference
values of active and reactive power are calculated based on the active and reactive
components of the current as the dynamical model, to design the controller, is used
based on the dynamics of these currents. The calculation of reference active and
reactive power from the respective current components also adds some complexities.
A simple backstepping controller with a DPC approach is used in [239] where the
control objectives are similar to those as in [109]. However, the approach in [239]
requires the exact parametric information of the three-phase GCPV system as the
backstepping approach is unable to estimate the unknown parameters. Therefore,
the design of an adaptive backstepping controller using a DPC approach is still
not covered in the existing literature of the controller design for three-phase GCPV
systems.
This chapter proposes nonlinear adaptive and robust adaptive backstepping con-
trollering for the VSIs in GCPV systems. The parameters of GCPV systems are
considered as unknown to design the adaptive backstepping controller while external
disturbances are included with parametric uncertainties during the design process of
the robust adaptive backstepping controller. Both of these controllers are designed
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by considering the dynamical models of GCPV systems in terms of the dynamics of
currents in the dq-frame as well as in terms of the dynamics of active and reactive
power. The dynamic of the DC-link voltage is also considered in order ensure the
desired tracking of the DC-link voltage which in turns ensures the MPP operation of
GCPV systems. For all proposed controllers, the control objectives are to maintain
the constant DC-link voltage, ensure the desired amount of power (both active and
reactive) injection into the grid, and improve the power quality. Extensive simu-
lations are carried out to demonstrate the eectiveness of the proposed controller
under dierent operating conditions (e.g., changes in atmospheric conditions and
changes in power factors). The eectiveness of the proposed control scheme is de-
termined by the comparing the performance to that of an existing nonlinear sliding
mode controller (SMC).
The organization of the chapter is as follows. Section 6.2 presents the design
of a nonlinear adaptive backstepping controller for three-phased GCPV systems
by considering parametric uncertainties. Simulation results are also included in
Section 6.2 to analyze the performance of the designed controller. In Section 6.3,
a similar controller is designed for the same system by considering only external
disturbances while a robust control scheme is presented in Section 6.4 with the
inclusions of both parametric uncertainties and external disturbances. The DPC-
based nonlinear adaptive backstepping controller for the three-phase GCPV system
is discussed in Section 6.5 and the performance of the controller in comparison with
an existing control scheme is also analyzed in this section. Finally, the content of
this chapter is summarized in Section 6.6.
6.2 Nonlinear Adaptive Backstepping Controller Design
for Three-Phase Grid-Connected Photovoltaic Systems
Based on the Current Dynamics in the dq-Frame
This section focuses to design a nonlinear adaptive backstepping controller for the
VSI in a three-phase GCPV system. This section has two main parts: i) nonlinear
adaptive backstepping controller design for the GCPV system and ii) MPPT con-
troller design for ensuring the maximum power extraction from the PV array. It is
worth to note that this thesis only contributes to design the adaptive backstepping
controller design for the GCPV while an existing MPPT technique based on the IC
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method is used in this chapter. Since the proposed adaptive control scheme con-
siders the parameters of GCPV systems as unknown, it is essential to represent the
dynamical model (in the dq-frame) of the GCPV system in terms of these unknown
parameters as discussed in the following subsection.
6.2.1 Dynamical model of GCPV systems in the dq-frame in terms of
unknown parameters
As mentioned earlier in this thesis, the dynamical model (in the dq-frame) of a
GCPV system can be written as follows:
_Vdc =
ipv
C
  3
2CVdc
EdId
_Id =  R
L
Id + !Iq   Ed
L
+
Vdc
L
Sd
_Iq =  R
L
Iq   !Id   Eq
L
+
Vdc
L
Sq
(6.1)
Equation (6.1) represents the complete dynamical model and the proposed adaptive
controller can be designed based on this model. However, the control problem needs
to be formulated for this model before designing the proposed controller and in this
thesis, the control problems are formulated by considering the parameters of GCPV
systems as unknown.
In this model, the parameters of the system are R;L, and C. In practice, it is
very hard to know the exact values of these parameters which are used in a GCPV
system. Therefore, these parameters can be considered as unknown and incorporated
in the controller design process. When these parameters within the GCPV system
model are considered as unknown, it can be written as:
1 =
1
C
;
2 =
R
L
; and
3 =
1
L
By incorporating all these unknown parameters into the dynamical model of a GCPV
system as represented by equation (6.1), it can be written as:
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_Vdc = 1(ipv   3
2CVdc
EdId)
_Id =  2Id + !Iq   3Ed + 3VdcSd
_Iq =  2Iq   !Id   3Eq + 3VdcSq
(6.2)
Equation (6.2) represents the complete dynamical model of a three-phase GCPV
system in the dq-frame with unknown parameters and the proposed controller can
be designed based on this model. The design procedure of a nonlinear adaptive
backstepping controller for a three-phase GCPV system in the dq-frame is discussed
in the following subsection.
6.2.2 Proposed controller design
This subsection comprises two parts: i) the design of an adaptive backstepping
controller which is the main contribution of this thesis and ii) the design of an
MPPT controller based on an existing IC method as used in [89]. The controller
design procedure for controlling active and reactive along with its ability to maintain
the constant DC-link voltage and MPPT technique is elaborately discussed in the
following subsections.
6.2.2.1 Proposed adaptive backstepping controller design
In this subsection, the control laws Sd and Sq are obtained in such a way that Id
and Iq can track their predened reference values for injecting the desired amount
of active and reactive power into the grid.
Step 1: For the convergence of the DC-link voltage, the voltage tracking error
can be dened as:
e1 = Vdc   Vdcref (6.3)
where Vdcref is the DC-link reference voltage. The error dynamic of the DC-link
voltage can be written as:
_e1 = _Vdc   _Vdcref (6.4)
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By inserting the value of _Vdc from the rst equation of (6.2) into equation (6.4), it
can be written as follows:
_e1 = 1(ipv   3
2Vdc
EdId)  _Vdcref (6.5)
In order to handle the unknown parameter 1 as appears in equation (6.5), it is
essential to dene this parameter in term of the estimated value ^1. Now, the
estimation error of this parameter can be dened as: ~1 = 1   ^1. Thus, in terms
of estimation errors, equation (6.5) can be rewritten as:
_e1 = ^1(ipv   3
2Vdc
EdId) + ~1(ipv   3
2Vdc
EdId)  _Vdcref (6.6)
where Id is a stabilizing function for equation (6.6). In order to stabilize the dynamic
of the DC-link error, the CLF can be chosen as:
W1 =
1
2
e21 +
1
21
~21 (6.7)
where 1 represents the adaptation gain which is selected in such a way that the
estimation error converges to zero. Now, the derivative of W1 can be written as:
_W1 = e1 _e1   1
1
~1
_^
1 (6.8)
By inserting the value of _e1 from equation (6.6) into equation (6.8), it gives
_W1 = e1

^1(ipv   3
2Vdc
EdId)  _vdcref

  1
1
~1

_^
1   1(ipv   3
2Vdc
EdId)

(6.9)
At this point, the stabilizing function of Id needs to be selected in such a way that _W1
would be negative semi-denite, i.e., _W1  0 which makes the system asymptotically
stable. In such cases, the synthetic value for Id can be chosen as:
 =
2Vdc
3Ed
ipv   2Vdc
3Ed^1
( _Vdcref   k1e1) (6.10)
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where k1 > 0 is a positive constant which is used to tune the output responses.
After selecting this, equation (6.9) can be written as:
_W1 =  k1e21  
1
1
~1(
_^
1   ) (6.11)
where  is the tuning function which is dened as follows:
 = 1(ipv   3
2Vdc
EdId) (6.12)
Now, the derivative of  is taken as it is essential in the next step and this derivative
is
_ = A+B1 (6.13)
where
A =
Vdc_ipv
3Ed
  2
_EdVdcipv
3E2d
  2Vdc
Vdcref
3Ed^1
  2Vdc(
_Vdcref   k1e1)( _Ed^1 + Ed _^1)
3E2d ^
2
1
  2Vdc
_Vdcrefk1
3Ed1
B =
2
3
(
ipv
Ed
+
k1e1
Ed^1
+
k1Vdc
Ed^1
)(ipv   3EdId
2Vdc
)
This derivative will be used in the following step in order to obtain the nal control
inputs.
Step 2: As  is not the actual control input, the d-axis (active) current tracking
error can be dened as:
e2 = Id    (6.14)
The dynamic of the d-axis current tracking error, using the values of _Id and _ can
be written as:
_e2 =  2Id + !Iq   3Ed + 3VdcSd   A B1 (6.15)
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In terms of estimation errors, equation (6.15) can be rewritten as:
_e2 =  ^2Id   ~2Id + !Iq   ^3(Ed   VdcSd)  ~3(Ed   VdcSd)
  A B^1  B~1
(6.16)
where ~i = i   ^i with i = 2; 3 represents the parameters estimation error. Now,
lets dene the q-axis (reactive) current tracking error as:
e3 = Iq   Iqref (6.17)
whose dynamic can be written as follows:
_e3 =  2Iq   !Id   3Eq + 3VdcSq   _Iqref (6.18)
In terms of estimation error, equation (6.18) can be rewritten as:
_e3 =  ^2Iq   ~2Iq   !Id   ^3(Eq   VdcSq)  ~3(Eq   VdcSq)  _Iqref (6.19)
In backstepping control scheme, a Lyapunov function is usually used for driving
the conditions on the control law that will drive the state trajectory to the equilib-
rium point. Therefore, the following CLF is considered to obtain the control input
signals Sd and Sq.
W2 = W1 +
1
2
e22 +
1
2
e23 +
1
22
~22 +
1
23
~23 (6.20)
where 2 and 3 represent another two adaptation gain parameters. Now, the deriva-
tive of this CLF can be written as:
_W2 = _W1 + e2 _e2 + e3 _e3   1
2
~2
_^
2   1
3
~3
_^
3 (6.21)
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The substitution of the values of _W1 from equation (6.11), _e2 from equation (6.16),
and _e3 from equation (6.19) into equation (6.21) yields
_W2 =  k1e21 + e2( ^2Id + !Iq   ^3(Ed   VdcSd)  A B^1) + e3[ ^2Iq   !Id
  ^3(Eq   VdcSq)  _Iqref ]  1
1
~1(
_^
1    + 1Be2)  1
2
~2(
_^
2 + 2e2Id
+ 2e3Iq)  1
3
~3[
_^
3 + 3e2(Ed   VdcSd) + 3e3(Eq   VdcSq)]
(6.22)
Now, in order to eliminated the inuence of ~1, ~2, and ~3 in _W2, the adaptation
laws can be chosen as follows:
_^
1 =    1Be2
_^
2 =  2(e2Id + e3Iq)
_^
3 =  3 (e2(Ed   VdcSd) + e3(Eq   VdcSq))
(6.23)
With these adaptation laws, equation (6.22) can be simplied as follows:
_W2 =  k1e21 + e2( ^2Id + !Iq   ^3(Ed   VdcSd)  A B^1) + e3( ^2Iq
  !Id   ^3(Eq   VdcSq)  _Iqref ))
(6.24)
To ensure the asymptotic stability of the whole system, the derivative of W2 should
be negative semi-denite, i.e., _W2  0 which can be achieved by choosing the fol-
lowing control laws:
Sd =
1
^3Vdc
(^2Id   !Iq + ^3Ed + A  k2e2 +B^1)
Sq =
1
^3Vdc
(^2Iq + !Id + ^3Eq + _Iqref   k3e3)
(6.25)
With these control laws, equation (6.24) can be written as:
_W2 =  k1e21   k2e22   k3e23  0 (6.26)
Equation (6.26) indicates that the derivative of W2 is negative denite or semi-
denite. Therefore, the whole PV system will be stable with the proposed controller.
The reference value of the current for delivering maximum active power into the grid
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depends the DC-link voltage which in turns obtained from the MPPT system. An
MPPT algorithm is discussed in the following subsection.
6.2.3 MPPT controller design algorithm
In this thesis, the IC method as proposed in [89] is used to calculate the reference
value of the DC-link voltage. The IC method in [89] tracks the maximum power
based on the power slope, i.e., the derivative of the output power of PV arrays with
respect to the array voltage where the power generated by the PV array is given by
Ppv = vpvipv (6.27)
According to the output power equation of PV arrays as represented by equa-
tion (6.27), the power slope dPpv
dvpv
can be expressed as:
dPpv
dvpv
= ipv + vpv
dipv
dvpv
(6.28)
For the MPP, the slope will be zero i.e., dPpv
dvpv
= 0 for which equation (6.28) can be
written as follows:
ipv
vpv
=   ipv
vpv
(6.29)
where ipv
vpv
is the IC and ipv
vpv
is the instantaneous conductance. The IC method is
designed based on the slope of the power curve of PV arrays. The slope of the PV
array power curve is zero at the MPP whatever the solar irradiation and temperature
on the PV cell, negative at the right of the MPP, and positive at the left of the MPP
which can be obtained by considering the following conditions:
 At MPP, ipv
vpv
=   ipv
vpv
 At the left of MPP, ipv
vpv
>   ipv
vpv
 At the right of MPP, ipv
vpv
<   ipv
vpv
The IC method tracks the MPP of the PV array by comparing incremental con-
ductance with instantaneous conductance and the MPP tracker regulates the PWM
control switching signal of the DC-DC converter until the condition ipv + vpv
dipv
dvpv
is
satised. The performance of the designed controller is evaluated on a three-phase
GCPV system as discussed in the following subsection.
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Figure 6.1. Three-phase GCPV system
6.2.4 Controller performance evaluation
In this section, the performance of the designed controller is evaluated on a three-
phase GCPV system as shown in Fig. 6.1 using an SPR 305-WHT PV module. The
corresponding electrical characteristics of this solar model are given in Table 6.1.
The reference DC-link capacitor voltage is considered as 500 V. The PV array is
connected to a DC-DC converter at which the MPP tracker uses an IC technique
to vary the voltage across the terminal of the PV array. The output of the DC-DC
converter is fed to a DC-link capacitor where a constant voltage 500 V is always
maintained in order to balance the power ow within the system. A three-phase
inverter converts that 500 V DC voltage to 260 V AC with a leading/lagging power
factor depending on the types of loads. A 100 kVA 260V/20kV three-phase coupling
transformer is used to connect the inverter to the utility grid. The utility grid
consists of a 20 kV distribution feeders and 120 kV equivalent transmission system.
The simulations are carried out in MATLAB/SIMULINK environment. In the
following, the performance of the system with the designed controller is presented
and compared to that of an existing nonlinear backstepping controller (ENBC).
During the practical operation of a solar PV system, the solar irradiation and
temperature vary with time for which the output power of the PV unit changes
signicantly. In this chapter, the performance of the controller is tested under
changes in atmospheric conditions. At the beginning, it is assumed that the system
is running at the standard atmospheric condition with an irradiance of 1000 W/m2
till t=0.6 s. The control objectives are set to deliver 80 kW active power and 60 kVAr
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Table 6.1. Electrical Specication for the solar module SPR 305-WHT
Parameter Symbol Value
Maximum power Pmax 100 kW
Open circuit voltage Voc 64.2 V
Short circuit current Isc 5.96 A
Maximum power voltage Vmax 54.7 V
Maximum power current Imax 5.58 A
Number of series connected module per string Nser 5
Number of parallel strings Npar 66
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Figure 6.2. Active power injected into the grid with the change of solar irradiance
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Figure 6.3. Reactive power injected into the grid with the change in solar irradiance
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Figure 6.4. Direct (d)-axis current with the change in solar irradiance
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Figure 6.5. Quadrature (q)-axis current with the change in solar irradiance
reactive power, i.e., to operate at 0.8 power factor (pf). Suddenly, the atmospheric
condition, i.e., the solar irradiance changes from 1000 W/m2 to 600 W/m2 at t=0.6
s and this situation continues till t=0.9 s. This changes in the atmospheric condition
will aect the amount of active and reactive power injection into the grid which can
be seen from Fig 6.2 and Fig. 6.3. After t=0.9 s, the system continuously runs at the
standard atmospheric condition, i.e., the solar irradiation increases from 600 W/m2
to 1000 W/m2. In this situation, the amount of active and reactive power delivered
into the grid will be 80 kW and 60 kVAr, respectively. This can also be seen from
Fig. 6.2 and Fig. 6.3.
The change in solar irradiance will also aect the active and reactive compo-
nents of currents and the corresponding changes can be seen from Fig. 6.4 and
Section 6.2 Nonlinear Adaptive Backstepping Controller Design for Three-Phase
Grid-Connected Photovoltaic Systems Based on the Current Dynamics in the dq-Frame256
Time (s)
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
d
c-
li
n
k
 v
o
lt
ag
e 
(V
)
470
480
490
500
510
520
Desired V
dc
Actual V
dc
Figure 6.6. DC-link voltage with the change in solar irradiance
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Figure 6.7. THD in grid current with the change in solar irradiance
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Figure 6.8. THD in grid current with the change in solar irradiance
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Fig. 6.5, respectively. The DC-link voltage tracking performance of the controller
is also shown in Fig. 6.6. From Fig. 6.4, Fig. 6.5, and Fig. 6.6, it can be said that
the designed controller exhibits robust current and voltage tracking performance.
Apart from this, the designed nonlinear adaptive backstepping controller (NABC)
improves the power quality of the system as compared to the existing backstepping
controller (ENBC). The improvement in power quality with the designed controller,
as compared to the ENBC, can be seen from Fig. 6.7 and Fig. 6.8. From Fig. 6.7,
it can be seen that the THD with the NABC is 2.93% and that of for the ENBC is
3.45% which can be seen from Fig. 6.8.
From simulation results, it is obvious that the designed control scheme is robust
where the parameters are considered as unknown in terms of injecting the desired
amount of power into the grid and improving power quality. Though the designed
controller is able to deliver both active and reactive power into the grid from solar
PV systems, external disturbances are not incorporated within the PV system model
during the designed of the proposed controller. However, external disturbances need
to be considered during the controller design process in order to ensure the reliable
and robust operation of the controller. To do this, the following section is devoted
to design an adaptive backstepping controller by considering the eects of external
disturbances along with measurement noises while not considering the parameters
of the system as unknown.
6.3 Nonlinear Adaptive Backstepping Controller Design
for Three-Phase Grid-Connected Solar Photovoltaic
Systems Based on the Current Dynamics in the
dq-Frame by Considering External Disturbances
A cascaded control structure is focused in this section for injecting active and reac-
tive power in a three-phase grid-connected solar PV system by considering external
disturbances. In the proposed cascaded control structure, there are two control
loops{the outer loop voltage controller is used to ensure a continuous balance in
power ow between the PV arrays and electrical power grid whereas the inner loop
current controller controls the output current of the inverter. Moreover, the DC-
DC boost converter is controlled to achieve a constant voltage at the input of the
inverter. Therefore, this section comprises two parts: i) the design of an adaptive
backstepping controller for the DC-DC boost converter and ii) the same for the
Section 6.3 Nonlinear Adaptive Backstepping Controller Design for Three-Phase
Grid-Connected Solar Photovoltaic Systems Based on the Current Dynamics in the
dq-Frame by Considering External Disturbances 258
VSI in GCPV systems. It is also worth to note that the proposed scheme does not
consider that parameter as unknown while the eects of the parameter variations
and model uncertainties are accumulated in the form of external disturbances. The
main purposes of controlling the DC-DC boost converter is to maintain a constant
DC-link voltage at the input of the VSI whereas the VSI is controlled to control the
injection of active and reactive power into the grid by controlling the correspond-
ing currents in the dq-frame. The detailed design procedures are discussed in the
following subsections.
6.3.1 Adaptive backstepping controller design for the DC-DC boost
converter in GCPV systems
As mentioned earlier in this thesis, the dynamical model of a DC-DC boost converter
in GCPV systems can be written as follows:
_Vpv =
1
Cpv
(Ipv   IL)
_IL =
1
L1
[ R1IL + Vpv   (1  )Vdc]
_Vdc =
1
C
[(1  )IL   Idc]
(6.30)
By adding external disturbances, the dynamical model of the DC-DC boost con-
verter as represented by equation (6.30) can be rewritten as follows:
_Vpv =
1
Cpv
(Ipv   IL) + d1
_IL =
1
L1
[ R1IL + Vpv   (1  )Vdc] + d2
_Vdc =
1
C
[(1  )IL   Idc] + d3
(6.31)
where d1; d2, and d3 are external disturbances. These external disturbances are
modeled by considering the changes in atmospheric conditions, e.g., changes in solar
irradiation and environmental temperature. Therefore, the nature of these distur-
bances are exogenous as these originate within the system due to the external eects.
All these disturbances are estimated while obtaining the control input for the DC-
DC boost converter and the detailed steps to perform these actions are discussed in
the following subsection.
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6.3.1.1 Design of external disturbance estimators and control input for
the DC-DC boost converter in GCPV systems
In this thesis, the estimators are designed to estimate unknown external distur-
bances and obtain the control input  for the DC-DC boost converter in GCPV
systems to achieve the desired output voltage while maintaining the dynamic stabil-
ity of the whole system. During the design procedure of the proposed controller the
errors corresponding to each state are minimized by considering the next state as
a stabilizing function and the process continues until the control input is obtained
at the nal stage. The estimators are also obtained at the nal step. The stability
of the DC-DC boost converter in a GCPV system is analyzed at each step through
the formulation of CLFs. The design of these estimators along with the controller
includes the following steps.
Step 1: The tracking error corresponding to the output voltage of the solar PV
unit can be written as follows:
e1 = Vpv   Vpv(ref) (6.32)
where Vpv(ref) is the reference voltage of the PV system which will be obtained from
the MPPT system. The dynamic of e1 can be obtained by taking its derivative as
follows:
_e1 =
1
Cpv
(Ipv   IL) + d1   _Vpv(ref) (6.33)
The estimation error for the unknown disturbance d1 can be incorporated into equa-
tion (6.33) and written as:
_e1 =
1
Cpv
(Ipv   IL) + ~d1 + d^1   _Vpv(ref) (6.34)
where ~d1 = d1   d^1 is the estimation error with d^1 as its estimated value. In this
step, IL is the stabilizing function or virtual control variable to stabilize _e1. For this
purpose, the CLF is selected as follows:
W1 =
1
2
e21 +
1
21
~d21 (6.35)
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where 1 is an adaptation gain parameter. Now, the derivative of W1 can be written
in the following simplied form:
_W1 = e1[
1
Cpv
(Ipv   IL) + d^1   _Vpv(ref)]  1
1
~d1(
_^
d1   1e1) (6.36)
The stability of _e1 will be ensured if _W1 in equation (6.36) is negative denite
( _W1 < 0) or semi-denite ( _W1  0) for which the rst term in the right side of
equation (6.36) can be written as follows:
1
Cpv
(Ipv   IL) + d^1   _Vpv(ref) =  k1e1 (6.37)
where k1 is a positive constant which is used to tune the output response. Using
equation (6.37) into equation (6.36), it can be written as follows:
_W1 =  k1e21  
1
1
~d1(
_^
d1   1) (6.38)
where 1 = 1e1 is a tuning function. Since IL is a stabilizing function, the synthetic
value () of IL can be obtained from equation (6.37) and written as follows:
 = Ipv   Cpv( _Vpv(ref)   d^1   k1e1) (6.39)
The stability of IL will be analyzed in the following step for which it is essential to
obtain the derivative of  as follows:
_ = A+ Cpvk3d1 (6.40)
where
A = _Ipv   Cpv( Vpv(ref)   _^d1) + k1(Ipv   IL)  Cpvk1 _Vpv(ref)
Step 2: The zero tracking error will be achieved if IL = . Thus, the error
variable between IL and  can be written as follows:
e2 = IL    (6.41)
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whose dynamic can be written as follows:
_e2 =
1
L1
[ R1IL + Vpv   (1  )Vdc] + d2   A  Cpvk3d1 (6.42)
In terms of estimation errors of external disturbances d1 and d2, equation (6.42) can
be written as:
_e2 =
1
L1
[ R1IL + Vpv   (1  )Vdc] + ~d2 + d^2   A  Cpvk3( ~d1 + d^1) (6.43)
where ~d2 = d2   d^2 is the estimation error with d^2 as its estimated value. In this
case, the CLF can be chosen as follows:
W2 = W1 +
1
2
e22 +
1
22
~d22 (6.44)
whose derivative can be written in the following nal form after using the values of
_W1 and _e2:
_W2 =  k1e21 + e2[
1
L1
[ R1IL + Vpv   (1  )Vdc]+
d^2   A  Cpvk3d^1]  1
1
~d1(
_^
d1   1 + 1e2Cpvk3)  1
2
~d2(
_^
d2   2e2)
(6.45)
The stability of the error dynamic ( _e2) can only be ensured if _W2 < 0 or _W2  0.
For this purpose, the synthetic value (1) of the stabilizing function (Vdc) can be
written as follows:
1 =
L1
1  (
Vpv
L1
  R1
L1
IL + d^2   A  Cpvk3d^1 + k2e2) (6.46)
Using equation (6.46), the derivative of the CLF in equation (6.45) can be simplied
as follows:
_W2 =  k1e21   k2e22  
1
1
~d1(
_^
d1   11)  1
2
~d2(
_^
d2   2) (6.47)
where 11 = 1 + 1e2Cpvk3 and 2 = 2e2 are another two tuning functions. At this
step, the control input () for the DC-DC converter appears and it is not determined
as the external disturbance (d3) is still not appeared during the design process as well
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as the stability of _Vdc is not analyzed yet. Therefore, it is essential to proceed further
with the design process. Usually, the design process for an adaptive backstepping
controller continues until the stability of all states are ensured. Therefore, it is
essential to obtain the derivative of 1 in order to complete the nal step which can
be written as follows:
_1 =M +N +M1d1 +N1d2 +B1 _ (6.48)
where
M = [ R1
L1
IL +
Vpv
L1
  (1  )Vdc
L1
][  R1
1   + L1k2]
N =
1
Cpv(1  )(Ipv   IL) +B2   L1k2A
B2 =
1
1  (L1
_^
d2   L1 _A+ L1k1 _^d1)
M1 =
1
1   + L1k1k2
N1 = L1k2   R1
1  
B1 =
1
(1  )2 (R1IL + Vpv + L1
_^
d2   L1 _A+
L1k1
_^
d1 + L1k2e2)
The derivation of the proposed control law for the DC-DC boost converter along
with the overall stability analysis and derivation of the adaptation laws to estimate
all unknown disturbances are discussed in the following step.
Step 3: Since 1 is a virtual control variable to stabilize the dynamic of the error
variable corresponding to the DC-link voltage, the third error variable to represent
the tracking of the DC-link voltage can be dened as follows:
e3 = Vdc   1 (6.49)
whose dynamic can written as follows:
_e3 =
1
C
[(1  )IL   Idc] + d3  M  N  M1d1  N1d2  B1 _ (6.50)
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In terms of estimation errors, equation (6.50) can be rewritten as follows:
_e3 =
1
C
[(1  )IL   Idc] + ~d3 + d^3  M  N  M1( ~d1 + d^1)
 N1( ~d2 + d^2) B1 _
(6.51)
where ~d3 = d3   d^3 is the estimation error with d^3 as its estimated value. At this
point, the nal CLF can be selected as:
W3 = W2 +
1
2
e23 +
1
23
~d23 (6.52)
Substituting the values of _W2 from equation (6.47) and _e3 from equation (6.51), the
derivative of W3 can be written as:
_W3 =  k1e21   k2e22 + e3[
1
C
[(1  )IL   Idc] + d^3  M  N 
M1d^1  N1d^2  B1 _]  1
1
~d1(
_^
d1   11 + 1e3M1)
  1
2
~d2(
_^
d2   2 + 2e3N1)  1
3
~d3(
_^
d3   3e3)
(6.53)
The adaptive control law for the DC-DC converter can be chosen as follows (based
on equation (6.53)) in order to make the third term negative denite or semi-denite
on the right side of equation (6.53):
_ =
1
B1
[
1
C
[(1  )IL   Idc] + d^3  M  N  M1d^1  N1d^2 + k3e3] (6.54)
Similarly, the adaptation laws can be chosen as follows in order to eliminate the
inuence of ~d1; ~d2, and ~d3 in _W3:
_^
d1 = 11   1e3M1
_^
d2 = 2   2e3N1
_^
d3 = 3e3
(6.55)
These adaptation laws are used to estimate external disturbances without imposing
any bound while guaranteeing the convergence of all physical properties of the sys-
tem, e.g, a constant DC-link voltage. Using the adaptive control law for the DC-DC
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converter in equation (6.54) and adaptation laws in equation (6.55), equation (6.53)
can be simplied as follows:
_W3 =  k1e21   k2e22   k3e23  0 (6.56)
which will be negative semi-denite if all errors converge to zero, i.e., the proposed
adaptive control scheme can be used to stabilize the dynamics relevant to the DC-
DC converter in a GCPV system. The VSI is used to control the active and reactive
power injection into the grid while considering the eect of external disturbances
and at the same time, stabilize the GCPV system. The adaptive controller design
for a VSI in a three-phase GCPV system is discussed in the following subsection.
6.3.2 Adaptive backstepping controller design for the VSI based
grid-connected solar PV system
Since the output power of the PV system depends on the solar irradiation and
ambient temperature which have intermittent characteristics and in turn cause un-
certainties within the dynamical model of PV systems. Moreover, the parameters
of a PV system are not exactly known and there are parametric uncertainties as
well. These uncertainties must be considered during the controller design process to
ensure reliable and robust operation. When these external uncertainties are added
into the dynamic model, it can be written as follows:
_Id =  R
L
Id + !Iq   1
L
Ed +
Vdc
L
Sd + d4
_Iq =  R
L
Iq   !Id   1
L
Eq +
Vdc
L
Sq + d5
(6.57)
where d4 and d5 are external disturbances. Equation (6.57) represent the complete
dynamical model of a VSI in a three-phase GCPV system with external disturbances
in the dq-frame and the controller can be designed based on this model. However,
the control objectives need to be dened for this model before designing the proposed
controller which is discussed in the following subsection.
6.3.3 Selection of control variables
Since the main control objectives for the VSI in a GCPV system are to control the
active and reactive power injection into the grid, it is essential to derive the relevant
equations which also provide some useful insights on the variables which need to be
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controlled. The apparent power S which is delivered into the grid can be written
as:
S = P + jQ (6.58)
where P is the active power and Q is the reactive power delivered from the inverter
into the grid. For a three-phase system, the active and reactive power can be written
as:
P =
3
2
(EdId + EqIq)
Q =
3
2
(EdIq   EqId)
(6.59)
In a synchronously rotating dq{reference frame at the steady{state condition, the
average value of Eq can be assumed to be zero. Therefore, equation (6.59) can be
simplied as:
Id =
2P
3Ed
Iq =
2Q
3Ed
(6.60)
In equation (6.60), Ed is the grid voltage which is maintained and controlled by the
network. Therefore, the active and reactive power delivered into the grid depends
on the d{ and q{axes currents where the only way of controlling active and reactive
power is to control the currents Id and Iq injected into the grid. Based on the mathe-
matical model as described by equation (6.57), the nonlinear adaptive backstepping
controller design procedure is elaborately discussed in the following subsection.
6.3.3.1 Proposed adaptive backstepping controller design
The objective of this subsection is to derive the switching control inputs Sd and Sq
in such a way that Id and Iq can track their predened reference values, i.e., their
tracking errors converge to zero and the inverter can inject a desired current into
the grid as this ensures the delivery of both desired active and reactive power into
the grid.
First, lets dene the d-axis current tracking error as:
e4 = Id   Idref (6.61)
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The derivative of e4 can be written as:
_e4 = _Id   _Idref (6.62)
The substitution of the value of _Id from the rst equation of (6.57) into equa-
tion (6.62) yields
_e4 =  R
L
Id + !Iq   1
L
Ed +
Vdc
L
Sd + d4   _Idref (6.63)
In terms of the estimation error, equation (6.63) can be rewritten as:
_e4 =  R
L
Id + !Iq   1
L
Ed +
Vdc
L
Sd + d^4 + ~d4   _Idref (6.64)
with ~d4 = d4   d^4 where d^4 is an estimate of the unknown external disturbance.
Now, dene the q-axis current tracking error as:
e5 = Iq   Iqref (6.65)
By inserting the value of _Iq, the dynamic of e2 can be written as:
_e5 =  R
L
Iq   !Id   1
L
Eq +
Vdc
L
Sq + d5   _Iqref (6.66)
Similarly, in terms of the estimation error, equation (6.66) can be written as:
_e5 =  R
L
Iq   !Id   1
L
Eq +
Vdc
L
Sq + d^5 + ~d5   _Iqref (6.67)
with ~d5 = d5  d^5 where d^5 is another estimate of the unknown external disturbance.
In backstepping control scheme, a Lyapunov function usually used for driving the
conditions on the control law that will drive the state trajectory to the equilibrium
point. Therefore, the CLF is considered to obtain the control laws Sd and Sq as
follows:
W4 =
1
2
e24 +
1
2
e25 +
1
24
~d24 ++
1
25
~d25 (6.68)
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whose derivative can be written as follows:
_W4 = e4 _e4 + e5 _e5   1
4
~d4
_^
d4   1
5
~d5
_^
d5 (6.69)
By inserting the values of _e4 from equation (6.64) and _e5 from equation (6.67) into
equation (6.69), it can be written as:
_W4 = e4

 R
L
Id + !Iq   Ed
L
+
Vdc
L
Sd + d^4   _Idref + k4e4

+ e5

 R
L
Iq   !Id   1
L
Eq +
Vdc
L
Sq + d^5   _Iqref + k5e5

  k4e24   k5e25   ~d4 14

_^
d4   4e4

  ~d5 15

_^
d5   5e5
 (6.70)
where k4 and k5 are positive constants which are used to tune the output responses
of the system. In order to stabilize the error dynamics in equations (6.64) and
(6.67), the switching control laws Sd and Sq can be designed as follows:
Sd =
R
Vdc
Id   !L
Vdc
Iq +
Ed
Vdc
+
L
Vdc
_Idref   L
Vdc
d^4   L
Vdc
k4e4
Sq =
R
Vdc
Iq +
!L
Vdc
Id +
Eq
Vdc
+
L
Vdc
_Iaref   L
Vdc
d^5   L
Vdc
k5e5
(6.71)
and the adaptation laws to estimate external disturbances d4 and d5 can be chosen
as follows:
_^
d4 = 4e4
_^
d5 = 5e5
(6.72)
These adaptation laws are used to estimate external disturbances without imposing
any bound while guaranteeing delivery of desired active and reactive power into the
grid.
With these adaptation laws and switching control laws, equation (6.70) can be
simplied as:
_W4 =  k4e24   k5e25  0 (6.73)
which will be negative semi-denite if all errors in equation (6.73) converge to zero.
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Figure 6.9. Implementation block diagram of an adaptive backstepping controller in a
three-phase GCPV system
Thus, the switching control laws will stabilize the dynamics related to the VSI while
injecting the desired amount of active and reactive power into the grid. An exist-
ing MPPT as discussed in Subsection 6.2.3 is used to extract the maximum power
from the PV unit and it has not been repeated in this subsection. The implemen-
tation block diagram of the designed controller is shown in Fig. 6.9. From Fig. 6.9,
it can be seen that there are two controllers: one for the DC-DC boost converter
and another for the VSI. The control signal for the DC-DC converter is generated
through the designed adaptive controller which uses the estimated values of exter-
nal disturbances along with other physical properties (e.g., voltages and currents)
on the DC-side. The disturbances are estimated in such a way that the controller
for the DC-DC converter achieves the desired output DC voltage which can also
be seen from Fig. 6.9. Finally, the output of this converter controller is converted
into switching pulses using the pulse width modulation (PWM) technique. From
Fig. 6.9, it can be seen that the instantaneous phase voltages at the grid connection
point and currents are transformed into the dq-frame through the abc  dq transfor-
mation. External disturbances are then incorporated and estimated using an online
estimator. The estimated values of these disturbances along with other physical
properties are used to deliver the desired amount of active and reactive power into
the grid. The switching control signals are obtained using the estimated external
disturbances, grid voltage, grid current, and DC-link voltage. Finally, the switch-
ing signals of the nonlinear adaptive controller are transformed into instantaneous
three-phase components using the dq   abc transformation as the original system
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Table 6.2. Control parameters for the DC-DC boost converter
NABC ESMC
1=8, 2=10, 3=6, k1=12, k2=9, k3=7 k1dc=8, k2dc=10, dc=0.05
Table 6.3. Control parameters for the VSI
NABC ESMC
4=5, 5=10, k4=50, k5=45.7 kd=, kq=, d=0.05, q=0.05
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Figure 6.10. Three-phase GCPV system
is in the instantaneous form. These instantaneous signals are then fed into a pulse
width modulator which uses the PWM technique to generate the switching pulses.
The performance of the designed controller is evaluated in the following subsection.
6.3.4 Controller performance evaluation
The performance of the designed controller has evaluated on a three-phase grid-
connected system with a single PV unit as well as multiple PV units by consider-
ing dierent operating scenarios. For the single and multiple PV applications, the
control parameters are kept same. The control parameters for the DC-DC boost
converter and VSI are provided in Table 6.2 and Table 6.3, respectively. The per-
formance of the designed nonlinear adaptive backstepping controller (NABC) is
compared with an existing sliding mode controller (ESMC). In this subsection, the
following criteria are used to evaluate the performance of the designed controllers
while comparing with an ESMC:
 Tracking error for the injection of desired amount of current as well as power
(both active and reactive power),
 Fluctuations in the power responses, and
 Power quality in terms of the THD in the current injected into the grid.
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Based on these evaluation criteria, the performance of the designed controller is
evaluated in the following subsections where all simulations are carried out using
MATLAB/SIMULINK simulation package under three dierent operating condi-
tions.
6.3.4.1 Controller performance evaluation on a three-phase
grid-connected PV system with single PV unit
In this subsection, the performance of the designed controller is evaluated on a three-
phase GCPV system as shown in Fig. 6.10 using an SPR 305-WHT PV module. The
corresponding electrical characteristics of this solar model are given in Table 6.1.
The reference DC-link capacitor voltage is considered as 500 V. The PV array is
connected to a DC{DC converter to maintain a desired DC{link voltage of 500 V
while the MPP tracker uses an IC technique to track the maximum power at the
terminal of the PV array. The output of the DC{DC converter is fed to a DC-link
capacitor where a constant voltage 500 V is always maintained in order to balance
the power ow within the system. The three-phase inverter converts that 500 V
DC voltage to 260 V AC with a leading/lagging power factor depending on the
types of loads. A 100 kVA 260 V/20 kV three-phase coupling transformer is used
to connect the inverter to the utility grid. The utility grid consists of a 20 kV
distribution feeders and 120 kV equivalent transmission system. The value of the
DC-link capacitor is 6 F, the line resistance is 0.19 
, and the inductance is 2 mH.
The following three cases are considered to evaluate the performance of the designed
controller as compared to that of an existing SMC as proposed in [106].
 Case 1: Controller performance under standard atmospheric condi-
tions
In this case study, the simulation is carried out for the standard atmospheric con-
ditions where the atmospheric conditions (solar irradiation and temperature of the
environment) are 1 kW/m2 and 25oC, respectively. The main control objective is
to inject maximum power (100 kW) into the grid at a power factor of 0.85. The
corresponding grid voltage and current responses are shown in Fig. 6.11 (a). From
Fig. 6.11 (a), it can be seen the output current of the inverter with the designed
controller has negligible harmonic content (black line). However, the inverter output
current with an SMC is similar to a sine wave but it contains signicant harmonics
(red line).
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(a) Grid voltage (black dash line) and current of phase A at standard operating condition (black line with
the NABC and red line with the ESMC)
Figure 6.11. System responses at standard operating conditions
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Figure 6.12. THD in grid current under standard atmospheric conditions
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Figure 6.13. Maximum power point tracking capability of the MPPT algorithm under
changing atmospheric conditions
Since the system is operating at a power factor other than unity, the grid current
would not be in phase with grid voltage which can also be seen from Fig. 6.11 (a). In
this situation, both active and reactive power will be delivered into the grid which
is shown in Fig. 6.11 (b) and Fig. 6.11 (c), respectively. As the power factor is
0.85, the active power delivered into the grid will be 85 kW and reactive will be
52.5 kVAr. From Fig. 6.11 (b) and Fig. 6.11 (c), it can be seen that the proposed
controller (black line) can control the power injection into the grid more eectively
than the SMC (red line). This eective operation is obvious from Fig. 6.11 (b) and
Fig. 6.11 (c) as the inverter is delivering more stable output active (85 kW) and
reactive (52.5 kVAr) power into the grid with the proposed controller without any
uctuation whereas the SMC is not able to deliver desired power to the grid and
contains some low order harmonic distortion due to the chattering phenomenon.
Under this condition, the THD is shown in Fig. 6.12 from where it can be seen that
the designed controller has fewer harmonics as compared to the existing SMC.
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Figure 6.14. Grid current, active, and reactive power responses with the change of solar
irradiation
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Figure 6.15. THD in grid current under changing atmospheric condition
 Case 2: Controller performance under changing atmospheric condi-
tions
Practically, the atmospheric conditions (solar irradiation and temperature) are not
xed for which the output voltage, current, and power of the PV array change
signicantly. In this condition, the performance of the designed controller is veried
under changing solar irradiation. At t = 0.6 s, the solar irradiance steps down from
1000 W/m2 to 450 W/m2, maintains this level for 0.125 s, and again steps up from
450 W/m2 to 1000 W/m2 at t = 0.725 s. The MPPT will track the maximum
power though there are variations in atmospheric conditions which can be seen from
Fig. 6.13. Therefore, the amount of power delivered into the grid will be changed
as the output current of the PV array will change which in turn causes the changes
in the output current of the inverter as shown in Fig. 6.14 (a). From Fig. 6.14
(a), it can be seen that the grid current varies signicantly in accordance with the
variation of solar irradiance and the grid voltage is not shown here at it remains
unchanged. However, the designed controller (black line) can inject current into
the grid with lower harmonics than the SMC (red line). The corresponding active
and reactive power sharing capabilities are shown in Fig. 6.14 (b) and Fig. 6.14 (c),
respectively. It can be also observed that their amplitudes change whenever the
solar radiation is varied. However, active and reactive power responses are more
stable with the designed controller as these responses quickly settle down to their
steady-state values. The corresponding THD is shown in Fig. 6.15 from where it
can be seen that the THD is slightly higher than the previous case but still much
better than the SMC.
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Figure 6.16. System responses under changing atmospheric condition and at unity power
factor
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Figure 6.17. THD in grid current under changing atmospheric condition and at unity
power factor
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 Case 3: Controller performance under changing atmospheric condi-
tions at unity power factor
In this case, the simulation is carried out for a unity power factor under changing
atmospheric conditions. When the load power factor is unity, no reactive power
will be delivered into the grid as the voltage and current will be in phase with each
other. The corresponding grid voltage and current, as well as power responses, are
shown in Fig. 6.16 (a) and Fig. 6.16 (b), respectively. From Fig. 6.16 (a), it is clear
that although the SMC is able to generate the desired current but still there is a
phase dierence between the grid voltage and current (red line) as it cannot respond
to the changes in a quicker way. On the other hand, the voltage and current are
exactly in phase with the designed controller (black line). Moreover, from Fig. 6.16
(b), it can be seen that the existing controller is not able to supply harmonic free
100 kW power to the grid due to the chattering phenomenon but it is almost 100
kW with the proposed controller. The THD for this operating condition can be seen
in Fig. 6.17.
The estimations of external disturbances for all cases are shown in Fig. 6.18 from
where it can be seen that the designed scheme accurately estimates the unknown
disturbances.
6.3.4.2 Controller performance evaluation on a three-phase GCPV
system with multiple PV units
In this subsection, the performance of the designed controller is evaluated by con-
sidering multiple PV units where three PV units are connected to the grid through
DC-DC boost converters and VSIs as shown in Fig. 6.19. From Fig. 6.19, it can be
seen that the capacities of the rst PV unit (PV1), second PV unit (PV2), and third
PV unit (PV3) are 100 kW, 50 kW, and 25 kW, respectively. When multiple PV
units are connected together to a grid connection point, the overall power quality
of the system degrades. For example, there will be lower harmonics when only a
single PV unit is connected and the eects of harmonics will be severe for multiple
PV units due to the interactions among these units.
At the beginning of this subsection, the interactions among dierent PV units in
a three-phase grid-connected system are analyzed by considering simple but nely-
tuned PI controllers for both DC-DC converters and VSIs. With these PI controllers,
the interactions due to the integration of multiple PV units in a GCPV system are
shown in Fig. 6.20 in terms of harmonics in the overall current injected into the grid.
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Figure 6.18. Estimations of external disturbances
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Figure 6.19. Schematic diagram of a grid-connected PV system with multiple PV units
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Figure 6.20. Eects of dynamic interactions among dierent PV units in a grid-connected
system
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Figure 6.21. Maximum power point tracking capability of the MPPT algorithm in a
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From Fig. 6.20 (a), it can be seen that the harmonics are less when a single PV unit
is used to supply power to the grid. However, the harmonics are increasing with
the integration of more PV units which can easily be seen from Fig. 6.20 (b) and
Fig. 6.20 (c). These interactions are shown when all PV units are operating under
standard atmospheric conditions. However, the situations are even the worst in case
of changing atmospheric condition. In such conditions, the designed controllers are
very useful to achieve the desired control objectives with lower harmonics.
In this subsection, the designed controllers are used in a decentralized way to
evaluate the performance by considering both standard and changing atmospheric
conditions. At the beginning, it is assumed that all PV units are running at standard
atmospheric conditions till t = 1 s and under changing atmospheric condition from
t = 1 s to t = 1.15 s due to the drops in the solar irradiation from 1000 W/m2 to
600 W/m2. After t = 1.15 s, all PV units resume their operations under standard
conditions. Therefore, the output power of all PV units will be changed at t = 1
s continue till t = 1.15 s. The MPPT systems of all PV units eciently track the
maximum power which can be seen from Fig. 6.21.
The DC-DC converters for all PV units are controlled to achieve the DC voltages
as 500 V at their output sides. At the same time, the VSIs are controlled at a power
factor of 0.85 to deliver 148.75 kW active power and 92.19 kVAr reactive power to the
grid as the total input power to the VSI is 175 kVA. The designed controller injects
the current corresponding to this power factor which can be seen from Fig. 6.22
(a). From Fig. 6.22 (a), it can be seen that the designed NABC comprises less
harmonics as compared to the ESMC. The designed NABC also delivers the desired
power (both active and reactive) into the grid which can be seen in Fig. 6.22 (b) and
Fig. 6.22 (c) from where it is clear that there are less uctuations when the designed
controller is used. The uctuations in power are clearly visible with the ESMC as it
is extremely dicult to select the sliding surface for a GCPV system with multiple
PV units.
The designed controller not only supplies the desired amount of active and re-
active power into the grid but also improves the power quality which can be clearly
seen from Fig. 6.23. From Fig. 6.23, it can be seen that the value of THD is 5.89%
when the ESMC is used though the maximum allowable THD (according to the
IEEE standard) in the grid current is 5%. However, the THD in the grid current is
4.10% when the designed controller is used and thus, it meets the IEEE standard.
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Figure 6.22. System responses for a grid-connected system with multiple PV units (under
both standard and changing atmospheric conditions)
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Figure 6.23. THD in the grid current for a grid-connected system with multiple PV
units
Finally, it can be said that the designed controller is equally applicable for GCPV
systems with multiple PV units. From the above analyses, it is obvious that the de-
signed controller can enhance the dynamic stability of a three-phase GCPV system
by sharing both active and reactive power into the grid in a better way than the
existing SMC under various atmospheric and operating conditions.
Though the designed controller is capable to work under any changing atmo-
spheric conditions by supplying both active and reactive power into the grid, the
inuences of parametric uncertainties are not taken into account in this design proce-
dure. Therefore, the following section devotes to design a robust adaptive backstep-
ping controller which can overcome the eects of parametric uncertainties including
external disturbances in a GCPV system.
6.4 Nonlinear Robust Adaptive Backstepping Approach
for a Three-Phase Grid-Connected Solar PV System
The performance of any controller depends on the parameters of the system as well
as accuracy of the model. However, it is very hard to know the exact parameters
and models of grid-connected solar PV systems. Therefore, the parameters of grid-
connected solar PV systems can be considered as unknown and the controller can be
designed by incorporating these unknown parameters within the model. When the
parameters (R;L, and C) within the PV system model are considered as unknown,
it can be written as:
1 =
1
C
; 2 =
R
L
; and 3 =
1
L
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where 1; 2, and 3 are unknown parameters. With these unknown parameters,
the dynamical model of a GCPV system as represented by equation (6.1) can be
rewritten as:
_Vdc = 1(ipv   3
2Vdc
EdId)
_Id =  2Id + !Iq   3Ed + 3VdcSd
_Iq =  2Iq   !Id + 3VdcSq
(6.74)
The solar PV system exhibits intermittent characteristics due to the uncertainties
in solar irradiation and environmental temperature. There exist model inaccuracies
due to these uncertainties. Moreover, there are measurement noises and with these
external disturbances, the dynamical model as represented by equation (6.74) can
be written as follows:
_Vdc = 1(ipv   3
2Vdc
EdId) + d1
_Id =  2Id + !Iq   3Ed + 3VdcSd + d2
_Iq =  2Iq   !Id + 3VdcSq + d3
(6.75)
where d1; d2, and d3 are the external disturbances which include the measurement
noises and model inaccuracies due to solar irradiation and environmental temper-
ature. At this point, the desired model for designing the proposed controller is
obtained i.e., equation (6.75) reect the dynamical model and the proposed con-
troller needs to be designed based on this model. The adaptation laws are used
to estimate the unknown parameters within this model while external disturbances
are bounded to ensure the robustness and the stability of the system is ensured
through the formulation of CLFs. The following subsection stresses on the detailed
design procedure of the proposed robust adaptive backstepping controller in order
to achieve the desired control objectives.
6.4.1 Proposed controller design
In this subsection, the switching control inputs Sd and Sq need to be obtained in
such a way that the state trajectories can be followed through the control actions,
i.e., their tracking errors will converge to zero. The reference value for Iq will be
zero if the main control objective is to control the active power while maintaining a
constant DC-link voltage. However, the reference value of Id depends on the amount
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of active power injection into the grid which is also related to the reference value of
the DC-link voltage. The proposed controller also ensures the convergence of this
DC-link voltage whose reference value is calculated from the MPPT algorithm. The
following steps are used to obtain the control laws:
Step 1: In this step, the tracking error dynamic of the DC-link voltage is
stabilized through designing the d-axis current. To do this, the tracking error for
the DC-link voltage can be dened as:
e1 = Vdc   Vdcref (6.76)
Using the rst equation of (6.75), the dynamic of e1 can be written as:
_e1 = 1(ipv   3
2Vdc
EdId) + d1   _Vdcref (6.77)
An unknown parameter 1 appears in equation (6.77) and it is essential to dene
this parameter in term of the estimated value ^1 in order to handle this unknown
parameter. An estimator (as discussed later in this subsection) is used to estimate
this unknown parameter for which the estimation error can be dened as ~1 = 1  ^1
and using this, equation (6.77) can be rewritten as follows:
_e1 = (^1 + ~1)(ipv   3
2vdc
EdId) + d1   _Vdcref (6.78)
where Id is a stabilizing function for equation (6.78). At this point, the CLF, in
order to achieve Vdc ! Vdcref (zero tracking error), can be chosen as follows:
W1 =
1
2
(e21 +
1
1
~21) (6.79)
where 1 represents the adaptation gain and the convergence speed of the estimation
depends on the numerical value of this gain. Taking the derivative of W1 and by
inserting the value of _e1 from equation (6.78), it can be written as:
_W1 = e1[^1(ipv   3
2Vdc
EdId)  _Vdcref ]  1
1
~1[
_^
1   1e1(ipv 
3
2Vdc
EdId)] + e1d1
(6.80)
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The negative semi-deniteness of the CLF ensures the convergence of the DC-link
voltage through the stabilizing function (Id). Thus, the synthetic value of Id needs
to be selected in such a way that _W1  0 for faster convergence of the error dynamics
and better precision tracking. If the synthetic value of Id is , it can be chosen as
follows:
 =
2Vdc
3Ed
ipv +
2Vdc
3Ed^1
(k1e1   _Vdcref ) (6.81)
where k1 is a positive constant, i.e., k1 > 0 which is used to tune the output response
to match with the desired trajectories. With this positive constant, equation (6.80)
can be written as:
_W1 =  k1e21  
1
1
~1(
_^
1   ) + e1d1 (6.82)
where  is the tuning function which can be dened as follows:
 = 1e1(ipv   3
2Vdc
EdId) (6.83)
From equation (6.83), it can be seen that the rst term on the right side is negative
denite and the second term is also negative in terms of the estimation error, es-
timated value, and tuning function. However, this second term is tolerated at this
step as the estimation of 1 is not nalized so far while the last term will be zero
if the error e1 is zero. The dynamic of the virtual control input () will be used in
the next step which can be calculated as follows:
 = A+B1  1 (6.84)
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where
A = Vdc
_ipv
3Ed
  2
_EdVdcipv
3E2d
  2Vdc
Vdcref
3Ed^1
  2Vdc
3E2d ^
2
1
(k1e1   _Vdcref )( _Ed^1 + Ed _1)  2Vdc
_Vdcrefk1
3Ed^1
B =
2
3
(
ipv
Ed
+
k1e1
Ed^1
+
k1Vdc
Ed^1
)(ipv   3
2Vdc
EdId)
1 =  2
3
(
ipv
Ed
+
k1e1
Ed^1
+
k1Vdc
Ed^1
)d1
Step 2: Since  is a virtual control input, a second error variable to represent
the tracking of another state, i.e., the d-axis current tracking error can be dened
as:
e2 = Id    (6.85)
Using the second equation of (6.75) and equation (6.84) and incorporating the esti-
mation errors, the error dynamic of d-axis current can be written as:
_e2 =  (^2 + ~2)Id + !Iq   (^3 + ~3)(Ed   VdcSd) + d2   A
 B(^1 + ~1) + 1
(6.86)
where ~2 = 2   ^2 and ~3 = 3   ^3 represent the parameter estimation errors.
The tracking error for the q-axis current can be written as:
e3 = Iq   Iqref (6.87)
whose dynamic, in terms of the estimation error, can be written as follows:
_e3 = d3   (^2 + ~2)Iq   !Id   (^3 + ~3)VdcSq   _Iqref (6.88)
As overshadowed earlier, the switching control inputs will steer the states (Id
and Iq) to their desired values. In this case, the desired value of Id depends on the
amount of power and the same for Iq. During the design of an adaptive backstepping
controller, the CLF is used to obtain the conditions for the control laws at which the
designed controllers will have the ability to force the states to their desired values.
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For the three-phase grid-connected solar PV system, the following CLF is used to
obtain the control inputs Sd and Sq:
W2 =W1 +
1
2
(e22 + e
2
3 +
1
2
~22 +
1
3
~23) (6.89)
where 2 and 3 represent two other adaptation gains and the derivative of the CLF
can be written as follows:
_W2 = _W1 + e2 _e2 + e3 _e3   1
2
~2
_^
2   1
3
~3
_^
3 (6.90)
Substituting the values of _W1 from equation (6.82), _e2 from equation (6.86), and _e3
from equation (6.88) into equation (6.90); it can be written as:
_W2 =  k1e21 + e2[ ^2Id + !Iq   ^3(Ed   VdcSd) 
A  ^1B] + e3( ^2Iq   !Id   ^3VdcSq   _Iqref )
  1
1
~1(
_^
1    + 1Be2)  1
2
~2(
_^
2 + 2e2Id
+ 2e2Iq)  1
3
~3[
_^
3 + 3e2(Ed   VdcSd)
+ 3e3VdcSq] + e11 + e2d2 + e3d3
(6.91)
From equation (6.91), it can be seen that there exist the estimated values of the
unknown parameters ^1; ^2 and ^3 whose eects need to be eliminated in order to
ensure the stability of the whole system. To do this, the parameter estimation laws
can be chosen as follows:
_^
1 =    1Be2
_^
2 =  2(e2Id + e2Iq)
_^
3 =  3[e2(Ed   VdcSd) + e3VdcSq]
(6.92)
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Using these adaptation or estimation laws, equation (6.91) can be rewritten as fol-
lows:
_W2 =  k1e21 + e2[ ^2Id + !Iq   ^3(Ed   VdcSd) 
A  ^1B] + e3( ^2Iq   !Id   ^3VdcSq   _Iqref )
+ e11 + e2d2 + e3d3
(6.93)
The stability of the whole system will be ensured if the derivative of W2 is negative
semi-denite, i.e., _W2  0. At this stage, the dynamics of the d-and q-axes current
tracking errors can be stabilized by designing Sd and Sq as follows:
Sd =
1
^3Vdc
[^2Id   !Iq + A+ ^1B   k2e2   F2sgn(e2)]  e1F1sgn(e1)
Sq =
1
^3Vdc
[^2Iq + !Id + _Iqref   k3e3   F3sgn(e3)]
(6.94)
where sgn is the signum function which can be dened as follows:
sgn(e) =
8>>><>>>:
+1 if e > 0
0 if e = 0
 1 if e < 0
(6.95)
If Sd and Sq are switching control inputs, equation (6.93) can be written as:
_W2 =  k1e21   k2e22   k3e23 + e1(1   F1sgn(e1)) + e2(d2   F2sgn(e2))
+ e3(d3   F3sgn(e3))
(6.96)
Equation (6.96) will be negative semi-denite if the external disturbances are bounded
as follows:
j 1 j F1; j d2 j F2; and j d3 j F3
Therefore, the designed switching controllers will stabilize the whole GCPV sys-
tem. The reference value of the current for delivering maximum active power into
the grid depends on the DC-link voltage which in turns obtained from the MPPT
system. An MPPT algorithm is discussed in subsection 6.2.3 and it has not been
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Figure 6.24. Implementation block diagram of the designed control scheme
repeated here. The performance of the designed controller is tested on a three-phase
grid-connected solar PV system as discussed in the following subsection.
6.4.2 Controller performance evaluation
In this section, the performance of the designed controller is rst evaluated on a
similar test system as shown in Fig. 6.10. The PV module in Fig. 6.10 is an SPR
305-WHT PV module and the detailed description of the PV module along with
the corresponding electrical characteristics has already been discussed earlier in this
chapter. The corresponding parameters of the three-phase grid-connected PV sys-
tem are listed in Table 6.1.
The PV modules in a grid-connected system can either be in the tracking or xed
mode in terms of tracking the sunlight. In the tracking mode, the PV modules are in-
tegrated with a mechatronic system which includes some actuators, e.g., DC motors.
These actuators are used to move the PV modules to track the sun in such a way
that these modules capture maximum sunlight [240]. There are two dierent types of
tracking systems such as one degree of freedom (single-axis tracking system) and two
degrees of freedom (dual-axis tracking system) along with dierent tracking mecha-
nisms, e.g., azimuthal, pseudo-azimuthal, equatorial or pseudo-equatorial [240,241].
On the other hand, the PV modules do not require the mechatronic system in the
xed mode and in this thesis, the xed mode is considered for the PV module.
From the implementation block diagram of the designed controller as shown in
Fig. 6.24, it can be seen that the instantaneous grid voltage and current are trans-
formed from abc-frame into dq-frame. The online parameter estimators are used to
estimate the unknown parameters of the grid-connected solar PV system where the
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Table 6.4. Numerical values of control parameters
Parameter Numerical value
k1 5
k2 5
k3 3
1 10
2 8
3 8
estimation initially starts from some randomly selected initial values. The online
parameters estimator continuously uses the control signal, grid voltage, and currents
in the dq-frame to update the unknown parameters until the steady-state values of
the desired control objectives are achieved which are the desired DC-link voltage
and the active power for the case as considered in this subsection. White Gaussian
Noises (WGNs) are added with all voltage and current signals in order to demon-
strate the robustness of the designed controller against external disturbances or
noises. The switching control signals are obtained using the estimated parameters,
grid voltage, grid current, and DC-link voltage. Since the original system is in the in-
stantaneous form and the switching signals are usually the pulses, the control inputs
are rst transformed from dq-frame to abc-frame and then through a pulse width
modulator which uses the pulse width modulation (PWM) technique to generate
the switching pulses. All simulations are carried out using MATLAB/SIMULINK
simulation package under dierent operating conditions. The performance of the
designed controller heavily relies on control parameters such as the tuning parame-
ters and adaptation gains. The numerical values of relevant control parameters are
listed in Table 6.4 where these parameters are obtained for the considered three-
phase grid-connected PV system in order to achieve the desired control objectives.
The performance of the designed nonlinear robust adaptive backstepping controller
(NRABC) is also compared to that of an existing nonlinear adaptive backstepping
controller (ENABC). The performance of the designed controller is evaluated by
considering the following three dierent operating conditions:
 Controller performance at standard atmospheric conditions,
 Controller performance with changes in solar irradiation, and
 Controller performance with changes in temperature.
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An additional case study has also been included in this subsection to demonstrate
the eectiveness of the designed controller in terms of maintaining the power balance
between the generation and load demand under varying operating conditions. All
these case studies are elaborately discussed in the following.
 Case 1: Controller performance under standard atmospheric condi-
tions
In this case study, the system is simulated at standard atmospheric conditions where
the value of solar irradiation is considered as 1 kW/m2 while the environmental tem-
perature as 25oC. The main purpose of the designed controller is to inject maximum
active power (100 kW) into the grid. This will happen if the voltage and current
are in phase with each other. The grid voltage and current responses of the system
are shown in Fig. 6.25 (a).
Fig. 6.25 (a) clearly indicates that the voltage and current are in phase with both
NRABC and ENABC. From Fig. 6.25 (a), it can also be seen the output current
of the inverter is very close to a sinusoidal waveform (black line) with negligible
harmonic contents when the designed controller is used. On the other hand, the
output current (red line) has signicant harmonic components when an ENABC is
used though it looks very similar to that of the designed controller. The improved
performance of the designed controller in terms of improving power quality will be
obvious from Fig. 6.25 (c) and (d) which show the THDs in the current with both
controllers. From Fig. 6.25 (c), it can be seen that the THD in the grid current is
2.12% with the designed controller whereas it is 2.26% as shown in Fig. 6.25 (d)
when ENABC is used. Therefore, it can be said that designed NRABC outperforms
ENABC in terms of injecting active power into the grid with lower THDs.
The power tracking performance of the designed controller can be seen from
Fig. 6.25 (b). Since the controller is designed only to deliver active power into the
grid, the total output power of the PV array, i.e., 100 kW will be delivered into
the grid as shown in Fig. 6.25 (b). From Fig. 6.25 (b), it can also be seen that
the designed NRABC controller has less uctuations (black line) as compared to
the ENABC (red line). The main reason behind these lower uctuations with the
designed NRABC is the inclusion of external disturbances during its design process.
Since the ENABC does not consider the eect of external noises or disturbances,
there are more uctuations in the active power delivered into the grid. In this thesis,
the DC-link voltage is considered as 500 V and the designed controller accurately
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tracks this voltage with lower uctuations as compared to the ENABC which can
be seen from Fig. 6.26 (a).
In this case study, the initial values of estimated parameters are considered as
^1(0) = 2400, ^2(0) = 80, and ^3(0) = 80. The adaptation laws are used to obtain
the steady-state values of these parameters. The convergences of the estimated
parameters are shown in Fig. 6.26 (b) from where it can be observed that the nal
steady-state values of these parameters are dierent from their initial values. These
indicate that the designed controller eectively estimates the unknown parameters
while achieving the control objectives.
 Case 2: Controller performance with changes in solar irradiation
During the practical operation of a solar PV system, the solar irradiation continu-
ously changes which in turn signicantly aects the output power of PV arrays. In
this case study, the changes in solar irradiation are considered to show the eective-
ness of the designed controller. In this situation, the solar irradiation suddenly drops
from 1000 W/m2 to 500 W/m2 at t =1 s and continues to maintain this irradiation
level till t = 1.3 s. Finally, the irradiance level settles back to 1000 W/m2 after t
=1.3 s. Under this circumstance, the output power of the PV array, as well as the
power delivered into the grid, will be changed during the period t = 1 s to t = 1.3 s
which can be seen from Fig. 6.27 (b). The designed controller has the ability to inject
the desired amount of active power (black line) into the grid with less overshoots as
compared to the ENABC (red line). The output current of the inverter also changes
due to the changes in power. The output current of the inverter is shown in Fig. 6.27
(a) from where it can clearly be seen that the current varies signicantly. However,
the designed controller (black line) can inject a better sinusoidal current into the
grid than the existing controller (red line). In this situation, the THD will be more
as compared to the previous case study. Fig. 6.27 (c) shows the THD in the grid
current when the designed controller is used and the numerical value of the THD is
2.20%. However, the grid current contains more harmonics if the ENABC is used
which can be seen from Fig. 6.27 (d). In this case, the value of THD is 2.74%. Thus,
it can be said that the grid current is more sinusoidal with the designed controller as
compared to the ENABC. The corresponding DC-link voltage tracking performance
of the designed controller is shown in Fig. 6.27 (a) from where it is obvious that the
designed controller has much better tracking capability than the existing controller.
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In this case study, the initial values of the unknown parameters are changed as
compared to previous case study and these values are considered as ^1(0) = 1500,
^2(0) = 15, and ^3(0) = 90. With these initial values, the estimated parameters
are shown in Fig. 6.28 from where it can be seen that the estimated values are
exactly equal to the original values even for their dierent initial values. However,
the estimations are disturbed due to the changes in solar irradiations which can also
be seen from Fig. 6.28 (b){(d). Thus, it can be said that the designed controller
is capable to estimate the parameters for any initial values while maintaining the
robust tracking performance for the three-phase GCPV system.
 Case 3: Controller performance with changes in atmospheric tem-
perature
In this case study, the performance of the designed controller is veried when the
temperature varies. At the beginning, it is assumed that the system is running
at standard temperature, i.e., at 25oC . At t = 0 s, the temperature starts to
gradually decrease from 25oC and reaches to 17oC at t = 0:7 s. From t = 0:7 s to
t = 1:35 s, the temperature starts increasing gradually from 17oC to 40oC. Finally,
the temperature come back to 25oC at t = 1:5 s. In this situation, the grid current is
shown in Fig. 6.29 (a). However, the eects of the changes are not clearly reected in
Fig. 6.29 (a) due to the longer time period. Fig. 6.29 (b) shows the power injected
into the grid when the aforementioned changes in temperature occur within the
system. From Fig. 6.29 (b), it can be seen that the changes in temperature aect
the power injected into the grid as the output power of the PV array is inuenced
by these changes. The improvement in power quality is shown through the THD as
shown in Fig. 6.29 (c) and Fig. 6.29 (d) from where it is clear that the grid current
has lower THD with designed controller. The DC-link voltage tracking is shown in
Fig. 6.30 (a) which clearly shows that the NRABC has better tracking capability as
compared to the ENABC.
In this case, the initial values of unknown parameters are considered as ^1(0) =
2800, ^2(0) = 35, and and ^3(0) = 135 which are completely dierent from two
previous cases. Fig. 6.30 (b) to Fig. 6.30 (d) clearly indicate that the designed
controller has the ability to estimate unknown parameters even with changes in
temperature and well as for dierent initial values of the unknown parameters.
Therefore, it can be said that the designed controller provides robust performance
against unknown parameters as well changes in temperature and solar irradiation.
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Figure 6.31. Grid-connected PV system with load
 Case 4: Controller performance in terms of maintaining power bal-
ance
In this case study, the three-phase GCPV system is modied by connecting a variable
three-phase load at the output of the inverter and the single line diagram of the
modied PV system is shown in Fig. 6.31. The maximum power capacity of the
load is considered as 20 kW with a power factor of 1. At the beginning of this
simulation, it is considered that the PV unit is operating at standard atmospheric
conditions till t=2 s, i.e., the output power from the PV unit is 100 kW and the load
demand during this period is 10 kW. Therefore, the active power delivered into the
grid will be 90 kW from t = 0 s to t = 2 s in order to maintain the power balance.
From Fig. 6.32, it can be seen that the output power of the PV unit is 100 kW, the
load demand is 10 kW, and the power delivered into the grid is 90 kW. Therefore,
it can be said that there is power balance within the system till t = 2 s.
At t = 2 s, the solar irradiation changes from 1000 W/m2 to 500 W/m2 for
which the corresponding output power from the PV unit is 70 kW and this situation
continues till t = 2:5 s while the load is still 10 kW till t = 3 s. Therefore, the load
consumes 10 kW and the remaining 60 kW is delivered into the grid as shown in
Fig. 6.32. From Fig. 6.32, it can be seen that there are some oscillations at the instant
of t = 2 s as the solar irradiation changes at this instance. The designed NRABC
attens these uctuations in a much better way as compared to the ENABC. The
PV units return to its standard operation at t = 2:5 s and delivers a load of 10 kW.
At this point, the power delivered to the grid increases from 60 kW to 90 kW till
t = 3 s as the load varies from 10 kW to 15 kW after this period. Therefore, the
amount of active power delivered into the grid after t = 3 s is 85 kW. Therefore, it
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Figure 6.32. Power balance between PV unit, load, and the grid under dierent operating
conditions
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can said that there are uctuations at t = 2:5 s due to changes in the solar radiation
from 500 W/m2 to 1000 W/m2 and at t = 3 s due to the changes in the load
demand. From Fig. 6.32, it can be seen that the power balance is maintained by
both NRABC and ENABC. However, the uctuations in power are clearly visible
when the ENABC is used while these are highly damped with the design NRABC.
From simulation results, it is clear that the designed robust adaptive backstep-
ping controller provides a very satisfactory performance in terms of maintaining the
steady-state operation under various operating conditions as compared to the exist-
ing controller. The simulation results also indicate that the designed robust adaptive
backstepping controller improves the power quality of the system by reducing the
THD of the injected current into the grid. Moreover, the designed controller is
capable to maintain the power balance within the GCPV system under dierent
operating conditions. Therefore, another important feature can be noted as the
designed controller allows the system to operate over an extended operating region.
This thesis also presents a new direct power control (DPC) approach to control
both active and reactive power injection into the grid from a solar PV unit. The
proposed DPC scheme is designed using a nonlinear adaptive technique where the
dynamics of active and reactive power are considered instead of the dynamics of d-
and q-axes currents. In the following section, the design of an adaptive backstepping
controller based on the DPC approach is presented.
6.5 Direct Power Control of Three-Phase Grid-Connected
Photovoltaic Systems with Parametric Uncertainties
using a Nonlinear Adaptive Controller
As mentioned earlier in this thesis, the dynamical model of the DPC-based grid-
connected solar PV system can be written as follows:
dVdc
dt
=
1
CVdc
(Ppv   Pg)
dPg
dt
=  R
L
Pg   !Qg + 3
2L
(EdVdcSd   E2d)
dQg
dt
=  R
L
Qg + !Pg +
3
2L
EdVdcSq
(6.97)
The proposed DPC along with an adaptive backstepping approach is employed on
the dynamical model of the VSI based grid-connected solar PV system as represented
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by equation (6.97). However, the control problem formulation before designing the
proposed controller is discussed in the following subsection.
6.5.1 Control problem formulation
The dynamical model as described by equation (6.97) includes the parametric infor-
mation (e.g., R;L, and C) of the system and the robustness of the controller heavily
relies on the accuracies of these parameters. In reality, it is pretty dicult to know
the precise values of these parameters and therefore, these parameters can be con-
sidered as completely unknown. The unknown parameters within the dynamical
model of a VSI based three-phase GCPV system as represented by equation (6.97)
can be written as follows:
1 =
1
C
; 2 =
R
L
; and 3 =
3
2L
The proposed adaptive scheme can be used to estimate these unknown parameters.
For this purpose, all these unknown parameters need to be incorporated into the
dynamical model of a PV system as presented by equation (6.97). By incorporating
these unknown parameters, equation (6.97) can be rewritten as follows:
_x1 = 1Z(Ppv   x2)
_x2 =  2x2   !x3 + 3(Edx1Sd   E2d)
_x3 =  2x3 + !x2 + 3Edx1Sq
(6.98)
where x1 = Vdc, x2 = Pg, x3 = Qg, and Z =
1
x1
are the new state variables.
Equation (6.98) represents the comprehensive dynamical model of a three-phase
GCPV system with unknown parameters and the proposed adaptive controller is
designed based on this dynamical model as discussed in the next subsection.
6.5.2 Proposed adaptive controller design
The whole adaptive controller design process is divided into several steps in order to
present the technique in a clearer way. The main control objectives are to ensure the
injection of the desired amount of active and reactive power into the utility grid with
less THD. At the same time, the proposed controller needs to ensure that PV unit
is running at MPP which is usually ensured through the DC-link voltage tracking
as discussed in the following step:
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Step 1: To ensure the MPP operation of the PV unit, it is essential to track
the DC-link voltage whose tracking error can be written as follows:
e1 = x1   x1d (6.99)
where x1d is the reference DC-link voltage. Based on the rst equation in (6.98),
the dynamic of e1 can be written as:
e1 = 1Z(Ppv   x2) (6.100)
The unknown parameter 1 appears in equation (6.100) which needs to be estimated
through an adaptation law. If the estimated value of 1 is ^1 and the parameter
estimation error is dened as ~1 = 1   ^1, equation (6.100) can be rewritten as
follows which is a function of the estimation error (~1) and estimated value (^1) of
the unknown parameter (1):
_e1 = (~1 + ^1)(Ppv   x2)Z (6.101)
where x2 can also be considered a virtual stabilizing function () which can be used
to minimize the dynamics of e1. In practice, the DC-link voltage tracking can be
achieved through the active power and thus, the virtual stabilizing control input ()
can be considered as the active power. For this reason, the tracking error for the
active power can be dened as follows:
e2 = x2    (6.102)
Using this tracking error of the active power, equation (6.101) can be written as:
_e1 = (~1 + ^1)(Ppv   e2   )Z (6.103)
Now, for achieving x1 ! x1d i.e., zero tracking error, the CLF can be selected as
follows:
W1 =
1
2
e21 +
1
21
~21 (6.104)
where 1 represents the adaptation gain. The convergence speeds of the tracking
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error of the DC-link voltage (e1) and unknown parameter estimation error (~1)
depend on the value of the adaptation gain (1). Now, it is necessary to take the
derivative ofW1 in order to ensure the stability of the tracking performance through
the active power tracking which can be written as follows:
_W1 = e1 _e1   1
1
~1
_^
1 (6.105)
Inserting the value of _e1 from equation (6.103) into equation (6.105) yields
_W1 = e1(Ppv   e2   )Z^1   1
1
~1[
_^
1   e11(Ppv
  e2   )Z]
(6.106)
The stability of _e1 in equation (6.103) will be ensured if the derivative of W1 is
negative denite ( _W1 < 0) or semi-denite ( _W1  0). In this way, the virtual
stabilizing function () will be able to achieve better tracking precision and faster
error convergence and the stabilizing function () for tracking the desired x2 can be
chosen as follows:
 = Ppv +
k1e1
^1Z
(6.107)
where k1 is a constant control parameter which is always positive (i.e., k1 > 0). The
output responses of the GCPV system depend on the tuning of k1. Substituting the
value of  from equation (6.107) into equation (6.106) yields
_W1 =  k1e21   e1e2Z^1  
1
1
~1(
_^
1   ) (6.108)
where  is the tuning function which can be dened as follows:
 = e11(Ppv   e2   )Z (6.109)
The stability of the error dynamic in equation (6.103) can be analyzed by looking
into dierent terms on the right side of equation (6.108). The rst term will be
negative denite when the error does not converge to zero while it will be semi-
denite if e1 = 0 (i.e., stable whether this term is negative denite or semi-denite).
Since the decision to estimate the unknown parameter is not nalized yet, the third
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term is retained at this stage. Finally, the second term will be zero if e2 = 0 which
will be discussed in the next step of the controller design process. To do so in the
next step, it is required to take the derivative of  as written below:
_ = A+B1 (6.110)
where
A = _Ppv   1
^21
k1e1x1
_^
1 and B =
k1
^1x1
(x1 + e1)(Ppv   x2)
The next step also includes the derivation of the actual control law along with the
analysis of the theoretical stability and robustness of the whole GCPV system.
Step 2: According to the step 1, as  is a virtual control input, one can seek only
the convergence of the error e2 = x2    to zero. To accomplish this, the dynamic
of e2 by taking into account the second equation of (6.98) and equation (6.110), can
be written as:
_e2 =  2x2   !x3 + 3(Edx1Sd   E2d)  A B1 (6.111)
The unknown parameters in equation (6.111) can be replaced with estimation errors
as shown in the following equation:
_e2 =  x2(~2 + ^2)  !x3 + (~3 + ^3)(Edx1Sd   E2d)  A B(~1 + ^1) (6.112)
where ~2 = 2  ^2 and ~3 = 3  ^3 represent the estimation errors of parameters 2
and 3, respectively. Now, lets dene the reactive power tracking error as follows:
e3 = x3   x3d (6.113)
whose dynamic can be written as:
_e3 =  2x3 + !x2 + 3Edx1Sq   _x3d (6.114)
Similarly, equation (6.114) can be expressed in terms of the estimation errors:
_e3 =  (~2 + ^2)x3 + !x2 + (~3 + ^3)Edx1Sq   _x3d (6.115)
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In an adaptive backstepping control scheme, the CLF is generally used to drive the
conditions on the actual control law which will steer the state trajectories of the
GCPV system to the equilibrium point. Thus, the following CLF is considered to
obtain the control signals Sd and Sq:
W2 = W1 +
1
2
e22 +
1
2
e23 +
1
22
~22 +
1
23
~23 (6.116)
where 2 and 3 represent another two adaptation gain parameters. Dierentiating
W2, it can be written as follows:
_W2 = _W1 + e2 _e2 + e3 _e3   1
2
~2
_^
2   1
3
~3
_^
3 (6.117)
The substitution of the values of _W1 from equation (6.108), _e2 from equation (6.112),
and _e3 from equation (6.115) into equation (6.117) yields
_W2 =  k1e21 + e2[ e1Z^1   ^2x2   ^3(Edx1Sd   E2d)
  !x3   A B^1] + e3(!x2   ^2x3 + ^3Edx1Sd   _x3d)
  1
1
~1(
_^
1    + 1Be2) 
~2
2
(
_^
2 + 2e2x2 + 2e3x3)
  1
3
~3[
_^
3 + 3e2(Edx1Sd   E2d)  3e3Edx1Sq]
(6.118)
Now, the inuence of ~1, ~2, and ~3 in _W2, can be eliminated by choosing the
following parameter adaptation laws:
_^
1 =    1Be2
_^
2 =  2(e2x2 + e3x3)
_^
3 =  3[e2(Edx1Sd   E2d)  e3Edx1Sq]
(6.119)
With these adaptation laws, equation (6.118) can be simplied as follows:
_W2 =  k1e21 + e2[ e1Z^1   ^2x2   ^3(Edx1Sd   E2d)  !x3   A B^1]
+ e3(!x2   ^2x3 + ^3Edx1Sd   _x3d)
(6.120)
Equation(6.120) should be negative denite ( _W2 < 0) or semi-denite ( _W2  0) to
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ensure the stability of the whole GCPV system. At this point, the actual control
inputs Sd and Sq can be selected as follows:
Sd =
1
^3Edx1
( e1Z^1   ^2x2   ^3E2d)  !x3   A B^1 + k2e2)
Sq =
1
^3Edx1
( !x2 + ^2x3 + _x3d   k3e3)
(6.121)
Finally, equation (6.120) reduces to
_W2 =  k1e21   k2e22   k3e23  0 (6.122)
Equation (6.122) ensures that all tracking errors of the system converge to zero
for which _W2 is negative semi-denite. Therefore, it is concluded that the whole
three-phase grid-connected solar PV system is stable with the designed adaptive
controller. The performance of the designed adaptive backstepping controller based
on the DPC method is demonstrated in the next subsection by considering dierent
operating scenarios.
6.5.3 Simulation results
In this subsection, a VSI-based three-phase grid-connected solar PV system as shown
in Fig. 6.10 is used to show the performance of the designed adaptive controller. The
PV unit in Fig. 6.10 is considered as a SPR 305-WHT PV module and the detailed
description of this PV module along with the corresponding electrical characteristics
can be found earlier in this chapter. The performance of the designed nonlinear
adaptive backstepping controller is also compared with an existing nonlinear SMC as
discussed in [230]. Two dierent cases as mentioned in the following are considered
to evaluate the appropriate power injection capability of the designed controller
under dierent operating conditions:
 Controller performance at the power factor of 0.8 under standard atmospheric
conditions; and
 Controller performance at the power factor of 0.8 under changing atmospheric
conditions.
 Case 1: Controller performance at the power factor of 0.8 under
standard atmospheric conditions
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Figure 6.33. Injected active and reactive power responses into the grid at the power
factor of 0.8 under standard atmospheric conditions
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Figure 6.34. DC-link voltage under standard atmospheric condition
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Figure 6.35. THD in the grid current at 0.8 power factor under standard atmospheric
conditions
In this case study, the system is simulated under the standard atmospheric condi-
tions where the value of solar irradiation is considered as 1 kW/m2 and the temper-
ature as 25oC. The main objective of the designed controller is to inject maximum
power (100 kW) into the grid at 0.8 power factor. When the GCPV system operates
at 0.8 power factor, the active power delivered to the utility grid will be 80 kW and
the corresponding reactive power will be 60 kVAr. Fig. 6.33 shows the active and
reactive power responses of the grid-connected solar PV system. From Fig. 6.33, it
can clearly be seen that the active and reactive power responses (black line) exhibit
less (almost no) oscillations when the designed adaptive controller is used. How-
ever, the oscillations in these responses (red line) are visible when the existing SMC
is used. The designed controller also ensures the desired DC-link voltage tracking
which can be seen from Fig. 6.34. As the designed controller guarantees the DC-
link voltage tracking (black line) in a much a better way as compared to the SMC
(red line), it can be said that the power balance within the grid-connected solar PV
system can be preserved. Furthermore, the designed adaptive controller not only
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Figure 6.36. Active and reactive power injected into the grid at power factor 0.8 with
changes in solar irradiations
delivers the desired amount of active and reactive power into the utility grid but also
improves the power quality. The power quality is measured in terms of THDs in the
response of the injected current into the grid. According to IEEE 1547 standard,
the maximum allowable THD in the output current of the inverter must be less than
5%. From Fig. 6.35, it can be observed that the THD in the grid current is 2.05%
with the designed adaptive controller whereas it is 2.84% with the existing SMC
controller and thus, both controllers meet the relevant IEEE standard. However,
the THD is less with the designed controller.
 Case 2: Controller performance at the power factor of 0.8 under
changing atmospheric conditions
Practically, the environmental conditions i.e., temperature and solar irradiation are
time varying for which the output power of the PV unit will vary. Under this
condition, the simulation is carried out with changes in solar irradiations in order
to show the eectiveness of the designed adaptive controller. In this case, it is
considered that the solar irradiation is 1000 W/m2 until t=1 s and at t=1 s, the
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Figure 6.37. DC-link voltage with changes in solar irradiations
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Figure 6.38. THD in grid current at the power factor of 0.8 with changes in solar
irradiations
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irradiation drops down from 1000 W/m2 to 500 W/m2. The solar irradiation is
maintained at 500 W/m2 till t=1.3 s which is again stepped up from 500 W/m2
to 1000 W/m2 at t=1.3 s. Since the solar irradiation changes from 1000 W/m2 to
500 W/m2 during the period t=1 s to t=1.3 s, the amount of active and reactive
power injection into the grid will also be as shown in Fig. 6.36. However, the
responses of the injected active and reactive power into the utility grid are more
unwavering with the designed adaptive controller since these responses swiftly settle
down to their desired steady-state values as compared to the existing nonlinear
SMC. The corresponding DC-link voltage response is illustrated in Fig. 6.37 which
clearly demonstrates that the designed adaptive controller can maintain the desired
DC-link voltage in a much better way as compared to the existing nonlinear SMC
and hence, ensures the MPP operation of the PV unit. The corresponding THD of
the injected grid current is illustrated in Fig. 6.38. From Fig. 6.38, it is obvious that
the injected grid current from the PV system has a THD of 2.5% with the designed
adaptive controller while it is 3.30% with the existing nonlinear SMC.
From the above simulation results, it is clear that the designed adaptive controller
is able to enhance the dynamic stability of the grid-connected solar PV system
under dierent operating conditions. The designed controller also guarantees the
appropriate amount of active and reactive power injection into the utility grid while
keeping the THD within the IEEE standard. Simulation results also reveal that the
designed adaptive backstepping controller can perform in a better manner than the
existing nonlinear SMC controller under dierent operating conditions.
6.6 Chapter Summary
In this chapter, the adaptive and robust adaptive backstepping controllers are pre-
sented for VSI-based three-phase grid-connected solar PV systems to inject the high-
quality active power and reactive power into the grid. The proposed controllers are
designed based on a nonlinear recursive backstepping approaches and the robustness
of the proposed scheme is ensured by considering parametric uncertainties as well
as external disturbances. In the proposed control strategy, all parameters within
the grid-connected solar PV systems are considered as unknown which are then
estimated through parameter adaptation laws. These estimated parameters along
with external disturbances are incorporated into the controller to ensure the overall
stability of the whole system through the formulation of control Lyapunov functions
Section 6.6 Chapter Summary 314
(CLFs). An IC method is used to track the MPP at which a constant DC-link volt-
age is maintained and this voltage is used to obtain the reference value of the current
which is used for the power control. A three-phase grid-connected solar PV system
is used to evaluate the performance of the proposed control schemes under dierent
operating conditions. From simulation results, it is clear that the proposed controller
provides a very satisfactory performance in terms of maintaining the steady-state
operation under various operating conditions as compared to existing controllers.
The simulation results also indicate that the designed controllers improve the power
quality of the system by reducing the THD of the injected current into the grid.
Moreover, the designed controller is capable to maintain the power balance within
the GCPV system under dierent operating conditions. Based on the above dis-
cussion, it can be concluded that the proposed control schemes oer the following
advantages as compared to the existing controllers:
 Easy to integrate with the existing MPPT algorithm while ensuring better
performance, e.g., the proposed scheme is used in conjunction with an existing
IC-based MPPT method as discussed in [89];
 Parameter sensitivity problems of FBL techniques are overcome through the
estimation of unknown parameters;
 Provides robustness against both parametric uncertainties and external distur-
bances while eliminating the necessity for the selection of the sliding surface;
 Uses the estimated values of unknown parameters and considers the bound of
external disturbances during the implementation of the proposed scheme and
thus, ensures the tracking accuracy with minimum error (i.e., closed to 0%);
 Injects power into the grid with improved power quality, i.e., with a lower
value of the THD which is usually less than 2.5% though its standard value is
around 5%; and
 Allows to operate the system over a range of operating points with faster
settling time.
Chapter 7
Nonlinear Backstepping and Adaptive
Backstepping Controller Design for
Islanded DC Microgrids
In this chapter, the nonlinear backstepping and adaptive backstepping controllers
are designed to control for dierent components in a DC microgrid under various
operating conditions. The DC microgrid in this chapter comprises a solar photo-
voltaic (PV) unit, a battery energy storage system (BESS), a backup diesel gen-
erator, and loads (both critical and non-critical). The controllers are designed for
all components except the loads where the main control objective for all controllers
is to maintain a constant voltage at the DC-bus where components are connected.
This chapter considers the solar PV system as the renewable energy source (RES)
whereas a diesel generator equipped with a rectier is used as a backup supply to
maintain the continuity of power supply in the case of emergency situations. The
proposed adaptive backstepping controller is designed recursively based on the Lya-
punov control theory where all parameters within the model of dierent components
are considered as unknown. Adaptation laws are used to estimate these unknown
parameters while the stability of the DC microgrid, with these adaptation laws, is
ensured through the formulation of suitable control Lyapunov functions (CLFs) at
dierent stages of the design process. The negative deniteness or semi-deniteness
of these CLFs guarantees the stability of the DC microgrid. Finally, the performance
of the proposed controllers is veried using both simulations and experiments on a
test DC microgrid under dierent operating conditions. The proposed backsteeping
and adaptive backstepping controllers ensure the regulation of the DC-bus voltage
within the acceptable limits under dierent operating conditions.
7.1 Introduction
The integration of RESs is increasingly being pursued all around the world over the
last few decades. The continuous growth of RESs is promising to solve some major
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problems such as energy crisis and environmental pollution including the greenhouse
gas emissions. It has been well-investigated that the integration of large-scale RESs
is not a cost-eective solution especially when the solar photovoltaic (PV) units are
considered as RESs. Moreover, there are lots of technical challenges (e.g., voltage
stability in the form of voltage rise or drop, frequency stability, and power qual-
ity) [139]. However, these PV units are more attractive for small-scale applications
in the form of microgrids which allow to connect the solar PV units close to the
consumers and can be used as a cost-eective solution to these problems [133{136].
During the islanded mode of operation, microgrids usually have the ability to gener-
ate their own power to meet the load demands. Thus, a microgrid can be operated
in an islanded mode if it has the ability to generate its own power during the emer-
gency condition e.g., when the battery energy storage systems (BESSs) are fully
discharged and no power is available from the RESs. Under such situations, diesel
generators are used as standby supply to meet the load demands. These types of
microgrids are used for rural areas where the frequent delivery of conventional fossil
fuel is more expensive. However, a microgrid can be connected to the main grid
if there exist such provisions or there are no standby diesel generators. Thus, a
microgrid can be operated either in islanded or grid-connected mode. The loads
in microgrids can either be AC or DC as well as a combination of both AC and
DC. Many applications such as telecommunication, railway, and low-power electri-
cal pump-based eld irrigation systems use only DC loads. In such applications,
DC microgrids can be used to supply power to the DC loads as these microgrids
provide cost-eective solutions. Thus, the operation of DC microgrids will be more
economical and technically robust than AC microgrids [126{132].
There are several benets of employing DC microgrids. If loads are supplied
directly with DC power, the eciency of the system becomes higher due to the re-
duction of conversion losses from sources to loads [137]. Nonetheless, DC microgrids
can overcome some limitations associated with AC microgrids such as frequency
synchronization, control of reactive power ow, and power quality problems [126].
Recently, the deployments of DC microgrids are resurging due to the utilization of
RESs based on the DC output power and their inherent advantages for DC loads in
commercial and residential applications. A low voltage DC microgrid is proposed
in [139] to supply the power in a residential complex where the supercapacitor is used
as the main power supply. A solar PV-based standalone DC microgrid for supplying
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small-scale residential DC loads as proposed in [242] has achieved a considerable
attention owing to the distinctive advantages of solar PV systems.
Despite several advantages as stated above, there are several challenges in the
operation of DC microgrids. Among these challenges, the maintenance of power
balance for continuously changing load conditions and intermittent characteristics
of solar PV systems are considered to be critical. The stable and reliable operations
of DC microgrids depend on their ability to maintain the power balance between
the sources and loads under changing and uncertain operating conditions. In such
situations, energy storage systems (ESSs) have a vital role in maintaining the energy
balance of DC microgrids [141]. Most commonly used ESSs in a microgrid are
batteries, supercapacitors, and hydrogen storage for fuel cells, etc. among which
BESSs are the mostly preferred option and industry standard.
The stability of DC microgrids relies on the regulation of the DC-bus voltage
which is mainly used to supply the loads. Thus, the control of the DC-bus voltage
is important as this is treated as an indicator for balancing power in DC micro-
grids [144]. The droop control technique is one of the most commonly used tech-
niques for regulating the DC-bus voltage in microgrids. This technique detects the
current or output power as the feedback factor or the deviation of the bus voltage
is controlled in proportion to the output power [145, 146]. However, this is not the
best solution when power electronics converters are connected to dierent devices
such as solar PV systems, wind generators, and BESSs with dierent sets of state of
charges (SOCs) [147,148]. To overcome this limitation, a gain-scheduling control in
aggregation with a centralized fuzzy controller has been proposed in [149] which can
support to achieve good voltage regulation, power sharing, and energy balance in a
DC microgrid. However, the approach as proposed in [149] uses a centralized fuzzy
controller in order to modify the voltage reference for balancing the stored energy.
The centralized controller uses information of dierent parts of the DC microgrid
and maintains the stability of the system. The main problem associated with the
fuzzy controller is that the desired control objective cannot be achieved if the fuzzy
model is not properly trained. Another centralized controller based on the adaptive
droop control scheme is proposed in [243] where the main emphasis is to control
the battery rather than any other components. The main limitation of the adaptive
droop controller in [243] is that the DC-bus voltage is not maintained at a constant
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value during the changes in loads. Moreover, the centralized controllers are not re-
liable as the communication failures at any point within the system severely aect
the overall stability of DC microgrids.
Distributed controllers overcome the limitations of centralized approaches as
these controllers are designed for each subsystem in such a way that they com-
municate with each other. In a DC microgrid, the distributed controller can be
designed by considering each component as a separate subsystem [244{249]. These
distributed controllers are very useful to cancel the dynamic interactions among dif-
ferent components of microgrids. The distributed approaches in [244{249] are not
designed by considering the dynamics of sources though these dynamics signicantly
interact with each other. Thus, the benets of canceling dynamic interactions are
not properly utilized. Moreover, the performance of these controllers heavily re-
lies on the communication among dierent controllers and the major concern is the
communication delays.
Decentralized controllers, which use only the local information, do not require
any communication and thus, overcome the limitations of centralized and distributed
controllers [250]. A decentralized droop controller is proposed in [251] for load
sharing and voltage regulation. But the microgrid structure in [251] is very simple
as it uses only a single source with a BESS. However, the structure of the microgrid
is more complicated. A more generalized case for the decentralized control of DC
microgrids is presented in [252].
The controllers so far discussed in the above literature are mainly designed either
based on the static or linearized models of DC microgrids whose operations are
limited to a xed set of operating points. However, the variations of operating
points in DC microgrids are large due to the intermittency of RESs. Therefore,
these controllers are unable to maintain the stability during the fast transients,
e.g., sudden losses of generation, sudden but large variations in load demands, etc.
Moreover, the dynamics of dierent components of DC microgrids are signicant
as these microgrids usually operate in the islanded mode. Thus, the dynamics of
sources cannot be neglected during the controller design process.
Nonlinear controllers are independent of operating points and thus, overcome
the limitations of linear controllers in terms of maintaining operations over a large
operating region. In [150, 151], a nonlinear sliding mode controller (SMC) is pro-
posed to regulate the DC-bus voltage of a DC microgrid by considering bidirectional
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power ow. Though this SMC is less sensitive to parameter variations and exter-
nal disturbances, the selection of the time-varying sliding surface is very dicult.
The main reason behind this diculty is the intermittency of RESs within the DC
microgrid. Moreover, the strategy as proposed in [150] only takes into account the
case when the batteries are supplying power to the load and the implementation of
any charging/discharging algorithm is not presented though this is essential for the
batterys health and its prolonged life [152]. The charging/discharging algorithms
allow to monitor the SOC of the battery which in turn protects batteries from be-
ing overcharged or undercharged. All these problems can be solved by using an
adaptive backstepping control scheme as proposed in [120] where the bidirectional
power ow of the BESS is controlled to maintain a constant DC-bus voltage. The
approach as presented in [120] only controls a single unit (the BESS) within DC
microgrids along with a power management algorithm. The power management al-
gorithm in [120] overcomes the limitations of charging/discharging problems while
the control algorithm ensures the desired bidirectional power ow.
The limitations of existing model-based linear and nonlinear controllers can be
overcome by using the nonlinear backstepping and adaptive backstepping approaches
which are evident from some other applications in power systems [204, 253]. This
chapter aims to design nonlinear backstepping and adaptive backstepping controllers
for each component in a DC microgrid except the loads. The main advantage of the
recursive backstepping controller is that it considers the nonlinearities within the
microgrid rather than canceling useful nonlinearities. Based on the above discussion,
the proposed control scheme oers the following benets as compared to the existing
linear and nonlinear controllers of DC microgrids:
 Includes detailed dynamical models of all sources to capture the intermitten-
cies,
 Monitors the SOC during the charging/discharging and thus, prolongs the
lifetime of batteries,
 Investigates the eects of parameter variations to determine the parameter
sensitivity,
 Eliminates the eects of parameter variations as it has the ability to estimate
parameters, and
 Guarantees the overall stability of DC microgrids under any operating condi-
tions.
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The output of each microgrid component is regulated in such a way that it matches
with the DC-bus voltage. Based on the developed control scheme, an existing power
management strategy is used in this thesis for the eective coordination of the control
actions. Finally, the control laws are achieved for each component and the perfor-
mance of the proposed controller is evaluated under dierent operating conditions.
Simulations are carried out on a test DC microgrid with a solar PV unit, battery
energy storage system (BESS), diesel generator, and loads with dierent voltage
ratings. The performance of the proposed controller is compared with dierent ex-
isting controllers such as the PI and a nonlinear sliding mode controller (SMC).
Simulation results demonstrate the superiority of the proposed control scheme over
the existing controllers in terms of achieving steady-state operating conditions. Ad-
ditionally, experimental validations are also performed to validate the eectiveness
of the proposed adaptive backstepping controller.
The organization of this chapter is as follows. Section 7.2 provides an overview
of the system conguration, operational strategy, and power management of a hy-
brid DC microgrid. The derivations of the nonlinear backstepping control laws for
each component in a DC microgrid including simulation results, to analyze the per-
formance, are presented in Section 7.3. The design of an adaptive backstepping
controller for a DC microgrid is shown in Section 7.4. This section also includes
the control problem formulation while the performance of the designed controller
is compared with a conventional PI and existing SMC. Finally, the content of this
chapter is summarized in Section 7.5.
7.2 System Conguration, Operation Strategy, and Power
Management of a Hybrid DC Microgrid
In the following subsections, the conguration of the DC microgrid is discussed along
with its operating strategy and power management.
7.2.1 System conguration of the DC microgrid
The conguration of a typical solar PV-based DC microgrid which is investigated
in this chapter is shown in Fig. 7.1. It consists of a 120 V rated DC-bus where
all components of the microgrid are either connected directly or through power
electronic converters. A PV source is connected to the DC-bus through a DC{
DC boost converter, the diesel generator is connected through a rectier, a BESS
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Figure 7.1. Structure of the proposed DC microgrid
is connected via a bidirectional DC{DC converter, and the resistive load can be
connected to common DC-bus either directly or via a DC-DC converter.
The primary power source within this microgrid is the solar PV system having
the highest priority for supplying power. In the autonomous mode of operations, the
available power from the PV unit must meet the total load demand. Otherwise, the
BESS is required to supply the dierence and in the case of insucient storage, the
system must undergo load shedding or need to be supplied by the diesel generator
to match the generation and load demand. The BESS with a bidirectional DC-
DC converter can meet the responsive local load demand to maintain the healthy
operation of the microgrid in case of uctuations in the power supply from the PV
unit.
7.2.2 Operational strategy of the DC microgrid
For the satisfactory operation of the DC microgrid during the variations in solar
irradiation and loads, dierent operating modes need to be considered in order to
ensure a secure and reliable power supply. To achieve the aforementioned objective,
two major operating modes are considered in this chapter. The rst operating mode
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is the power delivery mode to the loads from the PV unit and BESS. In this mode,
the output power of the PV system is transferred to the load and BESS as well as
from the BESS to the load depending on the situation. The BESS is regulated to
smooth the uctuations of the power dierence between the varying output power of
the PV unit and changing DC loads to ensure that the DC-bus voltage is maintained
at the reference value. The second operating mode is the standby mode which only
consists of the standby diesel generator, the BESS, and the load. Specially, this
mode will be activated when the PV power will not be available and the SOC of
the BESS is less than 30%. Thus, the power can be transferred from the diesel
generator to the load and BESS based on the requirement and the diesel generator
can maintain the constant DC-bus voltage for stable operation of the microgrid.
7.2.3 DC-bus voltage and power ow balance in DC microgrids
In order to evaluate the performance of the microgrid, the PV system is activated
rst to build the DC-bus voltage as it is a good indicator of the systems operational
status. A power balance constraint is that the total power generation must satisfy
the total load demand. Hence, the net power (Pnet) of the microgrid can be dened
as:
Pnet = PPV + PDG  PBESS   PLoad (7.1)
where Ppv is the output power of the PV unit, PDG is the diesel generator power,
PBESS is the BESS output power, and PL is the load demanded. However, Pnet
always varies due to the intermittent nature of the solar PV and variations in local
loads. In this situation, the BESS plays a signicant role for maintaining the stability
of microgrids. The BESS operates at charging and discharging modes depending on
the power requirement as in equation (7.1). The dynamic of the DC-bus voltage in
a microgrid can be formulated based on the following power balance principle:
Vdc
dVdc
dt
=
1
Cdc
Pnet (7.2)
and
Pdc = Vdcidc (7.3)
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where Vdc is the DC-bus voltage, idc is the total current injecting into the DC-bus,
C is the total output capacitance for all converters. From equation (7.2), it can
be seen that a constant DC-bus voltage indicates a balanced power ow and rising
or dropping DC-bus voltage indicates power surplus or decit, respectively. From
equation (7.3), it can also be seen that it is necessary to keep the power balance at the
DC-bus in order to regulate the DC-bus voltage. The proposed control method will
help to maintain the power balance in the microgrid by controlling the bidirectional
power ow of the BESS while maintain the SOC of the BESS within the safe limits.
The control of dierent components in a DC microgrid requires a mathematical
model of these components which have already discussed earlier in this thesis and
thus, the dynamical models are not repeated here. The proposed backstepping and
adaptive backstepping controllers are designed for dierent components in the DC
microgrid, the solar PV unit, BESS, and diesel generator. The detailed controller
design procedure are elaborately discussed in the following sections.
7.3 Nonlinear Backstepping Controller Design for Islanded
DC Microgrids
This section is aimed to design nonlinear backstepping controllers for the solar PV
unit, BESS, and diesel generator to maintain a constant DC-bus voltage in a DC
microgrid under dierent operating conditions. The DC microgrid as shown in
Fig. 7.1 is an interconnected system with control inputs for the solar PV unit,
BESS, and diesel generator. Therefore, the proposed controllers can be designed
in a decentralized manner for the each component in a DC microgrid. The design
of nonlinear backstepping controllers for the each component is discussed in the
following subsections.
7.3.1 Backstepping controller design for the DC-DC boost converter in
the solar PV system
In this subsection, the design procedure of the proposed controller for the DC-DC
boost converter in a solar PV system is presented. Therefore, the dynamical model
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of the DC-DC boost converter in a solar PV system can be written as follows:
_VPV =
1
CPV
(iPV   iL)
_iL =
1
L
[ RiL + VPV   (1  )Vdc]
_Vdc =
1
Cdc
(1  )iL   1
Cdc
i0
(7.4)
In this case, the main control objective is to regulate the output DC voltage of
the DC-DC converter by changing the duty ratio with changes in solar irradiations.
Based on this mathematical model as represented by equation (7.4), the design
procedure of a recursive backstepping controller for the DC-DC boost converter in
a solar PV system is shown through the following steps.
Step 1: According to the design purpose, the rst tracking error e1 can be
dened as:
e1 = VPV   VPV (ref) (7.5)
Using the rst equation of (7.4), the dynamic of e1 can be written as:
_e1 =
1
CPV
(iPV   iL)  _VPV (ref) (7.6)
In this step, iL is the stabilizing function or (virtual control law) to stabilize equa-
tion (7.6) for which the CLF can be written as:
W1 =
1
2
e21 (7.7)
whose derivative is
_W1 = e1 _e1 (7.8)
Now, by inserting equation (7.6) into equation (7.8), it can be written as:
_W1 = e1(
1
CPV
(iPV   iL)  _VPV (ref)) (7.9)
To guarantee the dynamic stability of equation (7.6), _W1 must be negative denite or
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semi-denite, i.e., _W1  0. This can be achieved by introducing a tuning parameter
as shown in the following equation:
1
CPV
(iPV   iL)  _VPV (ref) =  k1e1 (7.10)
where k1 is used to tune the output response. Substituting equation (7.10) into
equation (7.9), it can be written as:
_W1 =  k1e21  0 (7.11)
From equation (7.10), the synthetic value () of iL can be written as:
 = CPV ( _VPV (ref)   k1e1)  iPV (7.12)
Step 2: To achieve zero tracking error, the inductor current iL should be equal
to . Thus, one can dene another error variable as follows:
e2 = iL    (7.13)
Substituting the second equation of (7.4) into the derivative of equation (7.13), the
error dynamic can be written as:
_e2 =
1
L
[ RiL + VPV   (1  )Vdc]  _ (7.14)
In this case, the second CLF can be written as:
W2 = W1 +
1
2
e22 (7.15)
whose derivative can be written as:
_W2 =  k1e21 + e2 _e2 (7.16)
The stability of the error dynamic ( _e2) can only be ensured if _W2  0 for which
equation (7.14) can be written as:
_e2 =
1
L
[ RiL + VPV   (1  )Vdc]  _ =  k2e2 (7.17)
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Using equation (7.17) into the derivative of the CLF as represented by equation (7.16)
can be written as follows:
_W2 =  k1e21   k2e22  0 (7.18)
which is negative semi-denite or denite. The derivation of the proposed control
law along with the stability analysis of whole PV system is shown in the following
step.
Step 3: As the condition represented by equation (7.17) may not be true, it is
essential to analyze the overall stability of the system. For this purpose, the nal
error based on equation (7.17) can be dened as follows:
e3 =
1
L
[ RiL + VPV   (1  )Vdc]  _ + k2e2 (7.19)
whose dynamic can be written as:
_e3 =
1
L
[ R_iL + _VPV + _Vdc   (1  ) _Vdc]   + k2 _e2 (7.20)
At this point, the CLF can be written as:
W3 = W2 +
1
2
e23 (7.21)
Substituting the values of _W2 from equation (7.18) and _e3 from equation (7.20), the
derivative of W3 can be written as:
_W3 =  k1e21   k2e22 + e3(
1
L
[ R_iL + _VPV + _Vdc   (1  ) _Vdc]   + k2 _e2)(7.22)
Now, the nal control law can be chosen as follows:
_ =   1
Vdc
[
1
L
(R_iL + _VPV   (1  ) _Vdc)   + k2 _e2 + k3e3] (7.23)
Finally, equation (7.22) can be simplied as:
_W3 =  k1e21   k2e22   k3e23  0 (7.24)
Since the derivative of W3 is negative semi-denite, the controller for the DC-DC
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converter used in solar PV systems will maintain the desired voltage regulation as
well as eectively manage the power. The similar steps can be used to obtain the
control laws for the bidirectional DC-DC converter of BESSs and the excitation
system of synchronous generators. Therefore, the derivation of these control laws
are discussed in the following subsections without repeating these steps.
7.3.2 Control Law for the bidirectional converter of BESSs
Using the proposed backstepping approach, the control law for the bidirectional
DC-DC converter can be written as follows:
_u =
1
Vdc
[
1
CbLb
( (RL +Rsb)_ib) + (1  u) _Vdc + Eg)
+m1z1 +m2 _z2 +m3z3]
(7.25)
where mi is the positive constant with i=1 to 3 and zi is the error variable with i=1
to 3.
7.3.3 Excitation control for the diesel generator
The synchronous generator is typically controlled by regulating the excitation eld
voltage. To do this task, the excitation control law is obtained through the nonlinear
backstepping technique which can be written as follows:
Vc =   TA
KA
[ Efd
TA
+
KA
TA
(Vref   Vt)  _3 + n5z8] (7.26)
where
3 =  T 0do( 
1
T 0do
E 0q  
(xd   x0d)
T 0do
Id   _1 + n3z6)
1 =
2H
!0Iq
(
!0
2H
Pm   D
2H
(!   !0) + n1(!   !0) + _)
2 =
2H
!0Id
n2z5
 =  n1z4
and ni with i = 1; 2; 3; 4; 5 is the positive constant parameter, and zi is the error
variable with i=4 to 8.
All these control laws, i.e., equations (7.23), (7.25), and (7.26) are used to analyze
the dynamic stability of the DC microgrid. The implementation block diagram
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Figure 7.2. Implementation block diagram for nonlinear backstepping controller in DC
microgrids
of the designed control scheme is shown in Fig. 7.2 from where it can be seen
that the controller uses the physical properties (which are available from direct
measurement) of dierent microgrid components as the feedback along with the
output voltage and current of the converter. From Fig. 7.2, it can also be seen
that all converter controllers use the common DC-bus voltage (Vdc) measurement to
maintain its desired value. The nonlinear backstepping controller for the DC-DC
boost converter with the solar PV unit, i.e., equation (7.23) uses VPV , iPV , and iL as
the feedback to achieve the desired control input (). Similarly, the control input (u)
for the bidirectional DC-DC converter, i.e.,equation (7.25) is obtained by using the
measured values of ib and Vcb. The excitation control input (Vc) in equation (7.26)
is obtained using the measured values of !, Pe, Qe, Pm, Id, and Iq. The excitation
controller is mainly used to run the synchronous generator at the synchronous speed
while a simple PI controller is used to maintain the desired common DC-bus voltage.
These control inputs are nally used to simulate the overall dynamic performance
of the DC microgrid. Simulation studies are conducted in the following subsection
to demonstrate the eectiveness of the proposed controller.
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7.3.4 Simulation results and discussion
In order to verify the eectiveness of the designed controller, the simulation studies
are performed in MATLAB/Simulink platform on a test DC microgrid as shown in
Fig. 7.1. This microgrid has the similar features to those which are usually used
for telecommunication applications in Australia. The reference DC-bus voltage is
considered as 120 V and the capacitance of the capacitor which is connected at the
output of the bidirectional converter is 1 mF, the rated power of the diesel generator
is considered as 15 kW. The ramp-rate or start-up time of the diesel generator is
considered as 1.25 kW/min. In this thesis, the output voltage of a 10 kW PV plant
is considered as 120 V at the maximum power point (MPP). The simulations are
carried out by considering the PV unit as Trina Solar TSM-250PA05.08 Module
where the output voltage of the each PV module is 30 V at the MPP while the
maximum power is 250 W which corresponds to a maximum current of 8.33 A. Each
module comprises 60 PV cells in series with an output voltage of 0.5 V and current
as 0.048 A at the MPP. Thus, each module comprises 174 cells in parallel to produce
an output current of 8.33 A at the MPP. Finally, 4 modules are connected in series
and 10 modules are connected in parallel to form a PV array with an output power
of 10 kW which corresponds to a voltage of 120 V and current of 83.3 A at the MPP.
Since the output voltage of the PV array or unit uctuates a lot depending on the
atmospheric conditions, the DC-DC boost converter is used to achieve a constant
voltage with a value of 120 V which also matches with the DC-bus voltage.
Here, the maximum power consumed by the load is considered as 10 kW (except
for Scenario 4 where the maximum load is considered as 16 kW). A Lithium-ion
battery is used as the BESS and the nominal voltage and rated capacity of the
battery are considered as 48 V and 200 Ah, respectively. The switching frequency
of the converter is set to 5 kHz with a sampling frequency of 10 kHz. The BESS is
controlled with the designed controller which supplies the required power to the load
when there is a power shortage and absorbs the surplus power from the microgrid
when the output of the solar PV unit exceeds the load demand. For the simulation,
the PV unit is activated rst to build up the DC-bus voltage and consequently, the
BESS and loads. Dierent operating scenarios are simulated in order to validate the
performance of the designed control scheme in terms of obtaining power balance as
well as maintaining constant DC-bus voltage to preserve the dynamic stability. To
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Figure 7.3. Power in the DC microgrid during the standard atmospheric conditions,
changes in solar irradiation, and variations in load demands
show the eectiveness of the designed controller, the performance is compared with
a conventional SMC. The scenarios and study cases are described in the following.
 Scenario 1: Changes in solar irradiation and load demands
In this scenario, it is rst assumed that the solar PV system is operating at stan-
dard atmospheric conditions where the initial irradiation level is considered as 1000
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Figure 7.4. DC-bus voltage in the DC microgrid during the standard atmospheric con-
ditions, changes in solar irradiation, and variations in load demands
W/m2 and the temperature as 298 K. The eects of changes in solar irradiation
and variations in load demands are then considered in this simulation. Throughout
the case study, it is also considered that output power from the solar PV system
is enough to supply the load demand. Thus, the DC-DC converter of the solar PV
unit needs to be controlled to supply the load demand along with the bidirectional
converter of the BESS for the purpose of charging as the output power from the
solar PV unit is always higher than the load demand.
At the beginning of the simulation, the solar PV system operates at standard
atmospheric conditions and load consumption is constant at 5 kW until t=2.5 s.
The corresponding output power of the PV system, the power consumed by the
load, and the power corresponding to the energy stored in the battery are shown in
Fig. 7.3 (a), Fig. 7.3 (b), and Fig. 7.3 (c), respectively. From these gures, it can
be seen that the PV system is supplying 5 kW power to the load and the excess
energy corresponding to 5 kW power from the PV system is stored into the battery
through the charging action of the bidirectional controller with the BESS.
At t=2.5 s, the level of solar irradiation is changed from 1000 W/m2 to 800
W/m2 while the temperature remains constant. In this situation, the output power
of the solar PV system drops from 10 kW to 8 kW as shown in Fig. 7.3 (a). At
the same time, the load demand is increased to 7 kW from 5 kW which is shown in
Fig. 7.3 (b). But the available output power from the solar PV system is still more
than the load demand. Under this situation, the excess power (1 kW) from the solar
PV system will be used to charge the battery which can be clearly seen from Fig. 7.3
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(c). Now, the solar irradiation further decreases at t=4 s due to the bad weather
conditions and consequently, the output power from the solar PV system decreases
to 6 kW from 8 kW. At this time, the non-critical loads are turned o and the load
demand reduces from 7 kW to 4 kW. These situations can be seen in Fig. 7.3 (a)
and Fig. 7.3 (b). Since the available power (6 kW) from the solar PV system is still
higher than the load demand (4 kW), the battery will be in the charging mode and
store the excess energy corresponding to the 2 kW power from the PV system as
shown in Fig. 7.3 (c) to maintain the power balance. The DC-bus voltage response
of the microgrid is shown in Fig. 7.4 from where it can be seen that the DC-bus
voltage is kept 120 V constant except at the instants of changing solar irradiation
and load demands.
From Fig. 7.3 (a) and Fig. 7.3 (b), it can be seen that there are uctuations in the
output power of the PV system and the power consumed by the load at the instant
of changing the operating conditions. The eects of changes in solar irradiation and
load demands also aect the charging rate of the battery and the DC-bus voltage
which can clearly be seen from Fig. 7.3 (c) and Fig. 7.4, respectively. From the simu-
lation results in this scenario, it can be seen that the system responses quickly reach
to their steady-state values after a short transient which occurs during the changes
in load demands or solar irradiation. For this scenario, it can be summarized that
the designed nonlinear backstepping controller (NBC) can meet the load demand in
a better way than the SMC by maintaining the power balance within the microgrid
and ensuring a constant voltage at the DC-bus.
 Scenario 2: Continuous changes in solar irradiation and load de-
mands along with the activation of the diesel generator
This scenario is continued from the previous scenario where the output power from
the solar PV system is 6 kW and the load demand is 4 kW. The excess energy
(corresponding to 2 kW power) is stored into the battery. This operation of the
DC microgrid continues till t=6 s and the power balance for this period can clearly
be seen from Fig. 7.5 (a) to Fig. 7.5 (c). The DC-bus voltage is also not disturbed
during this period. At t=6 s, the load demand is increased from 4 kW to 6 kW
which can easily be met by the output power (6 kW) of the PV system as it is still
the same till t=7 s. This is clearly shown in Fig. 7.5 (a) and Fig. 7.5 (b). Since the
total generation from the solar PV system matches with the load demand, there is
no power excess or decit to charge or discharge the BESS. Under this condition
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Figure 7.5. Power in the DC microgrid when diesel generator is activated
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Figure 7.6. DC-bus voltage in the DC microgrid when diesel generator is activated
(for time interval t=6 s to 7 s), the charging or discharging current of the battery
will be zero and the converter for the BESS will be in the idle mode which can be
seen in Fig. 7.5 (c). Up to this point, the diesel generator is not activated and thus,
the output power of the diesel generator will be zero as shown in Fig. 7.5 (d).
At t=7 s, the power generation from the solar PV system is zero and continues
till t=9 s. In this situation, the BESS will supply the power to meet the load
demand to ensure the power balance within the microgrid. In this situation, the
BESS immediately enters into the discharging mode at t=7 s and delivers 6 kW
of load power to maintain system power balance and regulates the DC-bus voltage
until SOC of the battery falls below the minimum SOC which is shown in Fig. 7.5
(c). From Fig. 7.5 (c), it can be seen that the BESS can eectively meet the load
demand and maintain a constant DC-bus voltage (see Fig. 7.6) until t=8 s. At the
same time (at t=8 s), the loads are increased from 6 kW to 10 kW due to some
operational constraints and thus, the BESS is not enough to meet the desired load
demand. At this instant, the only way to supply power to the load is to activate
the diesel generator for maintaining the power balance. In the simulation, the diesel
generator is controlled to generate an output power of 15 kW as shown in Fig. 7.5
(d). Therefore, at t=8 s, a portion of 15 kW diesel generator output power will be
used to meet the load demand as shown in Fig. 7.5 (b) and the remaining power
will be used to charge the battery which is shown in Fig. 7.5 (c).
Since the power generation from the solar PV unit and load demands vary at t=6
s, 7 s, and 8 s, there will be voltage uctuations at the DC-bus at these instances
which can be seen from Fig. 7.6. From this gure, it can also be seen that the
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circuit fault at the common DC-bus
steady-state value of the DC-bus voltage is obtained by regulating the output of
the BESS, solar PV system, and diesel generator. From Fig. 7.5 and Fig. 7.6, it is
clear that the designed controllers for dierent microgrid components maintain both
power balance and constant DC-bus voltage in a much better way as compared to
the SMC.
 Scenario 3: A short-circuit fault at the common DC-bus
The performance of the designed controller is also evaluated by applying a short-
circuit fault at the common DC-bus. The fault is applied at t=10 s and cleared at
t=10.2 s. During this fault period, the voltage at the common DC-bus will be zero
and at the same time, the total power delivered to the load will also be zero. The
responses for the total power delivered to the load and common DC-bus voltage are
shown in Fig. 7.7 (a) and Fig. 7.7 (b), respectively. From these gures, it can be seen
that the steady-state operation of the DC microgrid is achieved quickly when the
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Figure 7.8. Power in the DC microgrid when the microgrid is overloaded
designed controller is used. However, the existing SMC exhibits more oscillations.
Thus, the designed NBC outperforms the SMC even under severe short-circuit fault
conditions.
 Scenario 4: Microgrid is overloaded with the increase in the load
demand
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Figure 7.9. Common DC-bus voltage in the DC microgrid when the microgrid is over-
loaded
In this scenario, the solar PV unit continues to operate with the reduced solar
irradiation, i.e., with 500 W/m2 till t=14 s. At the same time, the diesel generator
is continuously supplying 15 kW power to the DC microgrid. At this instant, the
BESS will also be charged as the total load demand is 10 kW. At t=14 s, the solar
irradiation becomes zero, i.e., there is no power from the solar PV system and in the
meantime, the load demand also increases from 10 kW to 16 kW. In this situation,
the excess power (1 kW) is supplied by the BESS till t=15 s and then the SOC
becomes lower than 30%, i.e., there is no power available from the BESS. On the
other hand, the total load demands still 16 kW which is beyond the total capacity of
the diesel generator. Under this circumstance, the non-critical loads are turned o
to avoid the failure of the system and the load demand reduces from 16 kW to 15 kW
at t=15.2 s. These situations are depicted in Fig. 7.8. It is also worth to note that
the system failure does not occur instantaneously due to the inertia associated with
the diesel generator. From Fig. 7.8, it can be seen that power response is disturbed
at t=14 s and t=15.2 s. However, the designed controller tackles these situations in
a better way as compared to the SMC. The corresponding DC-bus voltage response
is shown in Fig. 7.9 from where it can be seen that the common DC-bus voltage
drops signicantly due to the overloading. However, this voltage drop is quickly
recovered by both controllers but the designed controller attens the oscillation in
a much better way as compared to the SMC.
Thus, it can be summarized that the performance of the designed backstepping
controller is more eective than the SMC for all operating scenarios.
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In this chapter, the recursive backstepping controllers so far discussed, are de-
signed by considering the known parameters of all components of the DC microgrid.
However, it is very hard to know the exact parameters and model of the solar PV
system connected with a DC-DC boost converter. Moreover, in practice, the pa-
rameters of BESSs are not exactly known and the variations of these parameters are
sensitive to the steady-state operation of the DC microgrid. Therefore, a controller
needs to be designed in such a way that the parameters of all components within
the DC microgrid can be considered as unknown. By considering this, the following
section devotes to design adaptive backstepping controllers for all these components
in DC microgrids components where the parameters of these components are con-
sidered as unknown.
7.4 Nonlinear adaptive backstepping controller design for
a DC microgrid
In this section, a nonlinear adaptive backstepping controller is designed to control the
output voltage of dierent components in a DC microgrid under various operating
conditions. Since the controllers are designed by considering all parameters of these
components as unknown, the control problems for these components are formulated
in the following subsection by considering this fact.
7.4.1 Control problem formulation of dierent microgrid components
As the controllers are designed for the bidirectional DC-DC converters with BESSs,
DC-DC boost converters with solar PV units, and exciters for the diesel generators;
the control problems can be formulated by considering the corresponding parameters
of these components as discussed in the following.
7.4.1.1 Control problem formulation for the bidirectional DC-DC
converters with BESSs
As mentioned earlier in this thesis, the dynamical model of a bidirectional DC-DC
converter which interfaces a BESS in the DC microgrid with a common DC-bus can
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be written as follows:
dVcb
dt
=
1
Cb
(ib   Vcb
Rb
)
dib
dt
=
1
Lb
[ (RL +Rsb)ib + (1  u)Vdc   Vcb + Eg]
dVdc
dt
=
1
Cdc
[(1  u)ib   idc]
(7.27)
However, in practice, some parameters of BESSs are not exactly known and the
variations of these parameters are sensitive to the steady-state operation. In equa-
tion (7.27) which represent the dynamical model of a BESS with a bidirectional
converter, the parameters of the bidirectional converter (Lb and Cdc) and the BESS
(Rb and Cb) are considered as unknown as these parameters cannot be exactly known
due to the presence of the large magnetic ux density in the ferromagnetic core of the
circuit, temperature, production materials [254], and electrochemical reaction [141].
When these parameters are considered as unknown, it can be written as:
1 =
1
Cb
; 2 =
1
CbRb
; 3 =
RL +Rsb
Lb
; 4 =
1
Lb
; and 5 =
1
Cdc
By incorporating all these unknown parameters into the dynamical model of the
bidirectional DC{DC converter as represented by equation (7.27), it can be written
as:
_x1 = 1x2   2x1
_x2 =  3x2 + 4[(1  u)x3   x1 + Eg]
_x3 = 5[(1  u)x2   i0]
(7.28)
where x1 = Vcb; x2 = ib, and x3 = Vdc, are the new states. In this chapter, the pro-
posed adaptive backstepping controller is designed based on this dynamical model.
Similarly, the problem formulation for the PV unit with a DC-DC boost converter
in a DC microgrid is discussed in the following subsection.
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7.4.1.2 Control problem formulation for the solar PV unit with a
DC-DC boost converter in a DC microgrid
The dynamical model of a PV unit with a DC-DC boost converter in a DC microgrid
is shown earlier in this chapter and thus, it has not been repeated here. It is well-
known that the satisfactory performance of any controller depends on the system
parameters as well as the accuracy of the model. However, it is very hard to know
the exact parameters and model of the solar PV unit connected with a DC-DC
boost converter. Therefore, the parameters of the system need to be considered as
unknown and the controller need to be designed by incorporating these unknown
parameters within the model. When the parameters (Cpv; Rpv; Lpv, and Cdc) within
the PV system model are considered as unknown, it can be written as:
6 =
1
CPV
; 7 =
RPV
LPV
; 8 =
1
LPV
; and 9 =
1
Ccd
With these unknown parameters, the dynamical model of the solar PV unit con-
nected to a DC microgrid through a DC-DC boost converter can be written as
follows:
_VPV = 6(IPV   IL)
_IL =  7iL + 8[VPV   (1  )Vdc]
_Vdc = 9[(1  )IL   1
Cdc
i0]
(7.29)
In this chapter, the proposed adaptive backstepping controller is designed based on
this dynamical model of the solar PV unit. Finally, the problem formulation for the
diesel generator in a DC microgrid is discussed in the following subsection.
7.4.1.3 Control problem formulation for the diesel generator in a DC
microgrid
As discussed earlier in this thesis, the dynamical model of a diesel generator is
exactly similar to that of a synchronous generator in power system and in a DC
microgrid, a rectier is used to convert the output AC voltage into the DC voltage.
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The dynamical model of such a diesel generator can be written as follows:
_ = !   !0
_! =   D
2H
(!   !0) + !0
2H
Pm   !0
2H
(E 0qIq + E
0
dId)
_E 0q =  
1
T 0do
E 0q  
(xd   x0d)
T 0do
Id +
1
T 0do
Efd
_E 0d =  
1
T 0qo
E 0d +
(xq   x0q)
T 0qo
Iq
_Efd =  Efd
TA
+
KA
TA
(Vref + Vc   Vt)
(7.30)
when T 0do; T
0
qo, and TA are considered as unknown, some terms in the dynamical
model of the diesel generator in equation (7.30) can be written as follows:
10 =
1
T 0do
; 11 =  (xd   x
0
d)
T 0do
; 12 =   1
T 0qo
;
13 =
(xq   x0q)
T 0qo
; 14 =   1
TA
; and 15 =
KA
TA
By incorporating all these unknown parameters in equations (7.30), it can be written
as follows:
_ = !   !0
_! =   D
2H
(!   !0) + !0
2H
Pm   !0
2H
(E 0qIq + E
0
dId)
_E 0q =  10E 0q + 11Id + 12Efd
_E 0d = 13E
0
d + 14Iq
_Efd = 15Efd + 16(Vref + Vc   Vt)
(7.31)
All these dynamical models for dierent components of the DCmicrogrid are used
to design the proposed adaptive backstepping controller. The overall performance
of the DC microgrid is usually aected with changes in these parameters and can
easily be reected by observing the common DC-bus voltage. The common DC-bus
voltage is monitored in the following subsection to justify the eects of parameter
variations in DC microgrids and the necessity of model accuracies.
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7.4.2 Eects of parameter variations in DC microgrids
The eects of parameter variations in the DC microgrid as shown in Fig. 7.1 are
illustrated by observing the common DC-bus voltage. When the nominal values of
the inductor and capacitor in dierent microgrid components are used in conjunction
with a nely tuned PI controller, the common DC-bus voltage does not includes any
noise, i.e., the common DC-bus voltage is smooth. This has been clearly depicted
in Fig. 7.10 from where it can be seen that there are no oscillations in the DC-bus
voltage (black line) when the exact parameters are used along with a PI controller.
The DC-bus voltage will be disturbed when the parameters of the bidirectional
DC{DC converter with the BESS are changed from their nominal values. In this
case, the DC-bus voltage is monitored by considering the variations in parameters of
the BESS as 15%. From Fig. 7.10, it can be seen that the DC-bus voltage (blue line)
exhibits oscillating characteristics when the same PI controller is used though these
oscillations in the DC-bus voltage (red line) are quite less when dierent components
in the DC microgrid are equipped with droop controllers. The deviation in the
common DC-bus voltage will be signicant if the parameters in all components are
varied from 5% to 7% which can also be seen from Fig. 7.11. Therefore, it can be
concluded that the variations in the system parameters aect the common DC-bus
voltage. To eliminate this problem, it is essential either to have dynamical models
with accurate parameters or to estimate these parameters by considering as totally
unknown. Since it is practically not possible to know the exact parameters of any
system, this thesis focuses to design and implement controllers using the estimated
values of unknown parameters. The details on the controller design procedure are
discussed in the following subsection.
7.4.3 Adaptive backstepping controller design for DC microgrids
This subsection provides the detailed process to design adaptive backstepping con-
trollers for dierent components in DC microgrids. However, the detailed design
procedure, to obtain the control and parameter adaptation laws, is shown only for
the BESS in the DC microgrid as discussed in the following subsection.
7.4.3.1 Adaptive backstepping controller design for the BESS with a
bidirectional DC-DC converter in a DC microgrid
The purpose of this subsection is to describe the design procedure of the proposed
adaptive backstepping controller with an aim to control the DC-bus voltage while
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maintaining the power balance throughout the system. The design procedure of the
proposed controller includes three steps as discussed in the following:
Step 1: According to the design objective, the rst tracking error of the con-
verter can be dened as:
e1 = x1   x1d (7.32)
The derivative of this error can be written as:
_e1 = _x1 = 1x2   2x1 (7.33)
In order to handle the unknown parameters 1 and 2 as appeared in (7.33); it is
essential to dene these parameters in term of their estimated values ^1 and ^2.
Now, the estimation errors of these parameters can be dened as ~i = i   ^i with
i = 1; 2. Thus, in terms of estimation errors, equation (7.33) can be rewritten as:
_e1 = (~1 + ^1)x2   (~2 + ^2)x1 (7.34)
In equation (7.34), x2 behaves as a virtual control variable for which the CLF can
be written as:
W1 =
1
2
(e21 +
1
1
~21 +
1
2
~22) (7.35)
where 1 and 2 represent the adaptation gains which are selected in such a way
that the estimation errors converge to zero. Now, by inserting equation (7.34) into
equation (7.35), it can be written as:
_W1 = e1(^1x2   ^2x1)  1
1
~1(
_^
1   1e1x2)  1
2
~2(
_^
2 + 2e1x1) (7.36)
The derivative of the CLF as represented by equation (7.36) should be negative
semi-denite, i.e., _W1  0 in order to stabilize the dynamic of rst equation (7.28).
Thus, the synthetic value of x2 needs to be selected in such a way that it would
make _W1  0. In such case, the synthetic value of x2 is chosen as follows:
 =
1
^1
(^2x1   k1e1) (7.37)
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where k1 is a constant which is the gain of the controller. And the inuence of ~1
and ~2 from equation (7.36) can be eliminated by designing the following adaptation
laws:
_^
1 = 1e1x2
_^
2 =  2e1x1
(7.38)
However, to overcome the over-parameterization problems caused by the appearance
of 1 and 2 in the subsequence steps, the adaptation laws as represented by equa-
tion (7.38) will not be used at this step to update ^1 and ^2. Instead, the following
tuning functions are dened:
1 = 1e1x2
2 = 2e1x1
(7.39)
Now, using the stabilizing function as represented by equation (7.37), the derivative
of W1 which is reected through equation (7.36) can be written as:
_W1 =  k1e21  
1
1
~1(
_^
1   1)  1
2
~2(
_^
2 + 2) (7.40)
At this point, the derivative of  is calculated as it is essential to use in the next
step and this derivative can be written as:
_ = Ax21   Ax12 +B (7.41)
where
A =
^2   k1
^1
B =
_^
2x1
^1
 
_^
1
^21
(^2x1   k1e1)
Step 2: The second error variable can be dened as:
e2 = x2    (7.42)
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and its derivative can be written as:
_e2 =  3x2 + 4[(1  u)x3   x1 + Eg]  Ax21 + Ax12  B (7.43)
In terms of estimation errors, equation (7.43) can be rewritten as:
_e2 =  (~3 + ^3)x2 + (~4 + ^4)[(1  u)x3   x1 + Eg]
  Ax2(~1 + ^1) + Ax1(~2 + ^2) B
(7.44)
In this case, the second CLF can be written as:
W2 =W1 +
1
2
(e22 +
1
3
~23 +
1
4
~24) (7.45)
Now, by inserting equations (9.141) and (7.44), the derivative of W2 can be written
as:
_W2 =  k1e21 + e2[ ^3x2 + ^4((1  u)x3   x1 + Eg)
  Ax2^1 + Ax1^2  B]  1
3
~3[
_^
3 + e23x2
  1
4
~4[
_^
4   4e2((1  u)x3   x1 + Eg)]  1
1
~1(
_^
1
  1 + 1e2Ax2)  1
2
~2(
_^
2 + 2   2e2Ax1)
(7.46)
Now, it is essential to make _W2  0 to ensure the stability of the dynamic as
represented by equation (7.46) and this would happen if
 ^3x2 + ^4((1  u)x3   x1 + Eg)  Ax2^1 + Ax1^2  B =  k2e2 (7.47)
Then, equation (7.46) reduces to
_W2 =  k1e21   k2e22  
1
3
~3(
_^
3 + 3)  1
1
~1(
_^
1
  11)  1
2
~2(
_^
2   22)  1
4
~4(
_^
4   4)
(7.48)
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where
3 = 3e2x2
4 = e24((1  u)x3   x1 + Eg)
11 = 1   1e2x2A
22 = 2   2e2x1A
The derivation of the proposed control law along with the stability and robustness
analysis of the whole system is shown in the following step.
Step 3: Since  ^3x2 + ^4((1  u)x3  x1 +Eg) Ax2^1 +Ax1^2 B and  k2e2
may not be equal so the nal error based on equation (7.47) can be obtained as
follows:
e3 =  ^3x2 + ^4((1  u)x3   x1 + Eg)  Ax2^1 + Ax1^2  B + k2e2 (7.49)
whose derivative can be written as:
_e3 = A1(1x2   2x1) B13x2 + C14 +D15 + E1 (7.50)
where
A1 = A^2 +
_^
2
^1
 
_^
1
^21
(^2   k1)  ^4
B1 =  (A^1   ^3)
C1 = B1[(1  u)x3   x1 + Eg]
D1 = (1  u)^1[(1  u)x2   i0]
E1 =
_^
3((1  u)x3   (RL +Rsb)x2   x1 + Eg) + 1
^1
^
2x1
  2
^21
_^
1
_^
2x1 + (^2x1   k1e1)( 2
^31
_^
21  
1
^21
^
2)
By incorporating the estimation errors, equation (7.50) can be rewritten as:
_e3 = (~1 + ^1)A1x2   A1(~2 + ^2)x1  B1x2(~3 + ^3)
+ C1(~4 + ^4) +D1(~5 + ^5)  _u^4x3
(7.51)
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At this point, the CLF is written as:
W3 =W2 +
1
2
(e23 +
1
5
~25) (7.52)
By substituting the values of _W2 and _e3, the derivative of W3 can be written as:
_W3 =  k1e21   k2e22 + e3[A1(^1x2   ^2x1) B1^3x2
+ C1^4 + E1 +D1^5   _u^4x3] 
~1
1
( _1   11   1e3
A1x2) 
~2
2
( _2   22 + 2e3A1x1) 
~3
3
( _3 + 3
+ 3e3B1x2) 
~4
4
( _4   4   4e3C1)
 
~5
5
( _5   5e3D1)
(7.53)
The adaptive control law for controlling the duty cycle of the bidirectional DC-DC
converter can be chosen as:
_u =
1
^4x3
(A1(^1x2   ^2x1) B1^3x2 + C1^4 +D1^5 + E1 + k3e3) (7.54)
And in order to eliminate the inuence of ~1, ~2, ~3, ~4, and ~5 in _W3; the following
adaptation laws can be chosen:
_^
1 = 11 + 1e3A1x2
_^
2 = 22   2e3A1x1
_^
3 =  (3 + 3e3B1x2)
_^
4 = 4 + 4e3C1
_^
5 = 5e3D1
(7.55)
Finally, equation (7.53) reduces to
_W3 =  k1e21   k2e22   k3e23  0 (7.56)
From equation (7.56), it is obvious that the error dynamics of the system is stable as
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the derivative of the CLF is negative semi-denite. Therefore, the derived adaptive
backstepping control law stabilizes the BESS along with the bidirectional DC{DC
converter and the control law also ensures that the following condition is satised
to avoid over charging or under discharging:
SOCmin  SOC  SOCmax (7.57)
The same design procedure is followed to obtain the adaptive backstepping control
inputs for the solar PV unit and diesel generator as summarized in the following
subsections.
7.4.3.2 Adaptive backstepping controller design for the PV unit
Rather than repeating the same design procedure, this subsection summarizes the
control input along with parameter adaptation laws for the solar PV unit in a DC
microgrid. The control input and parameter adaptation laws for the DC-DC boost
converter of the solar PV unit can be written as follows:
Control law:
_ =
^9[(1  )IL   Idc] M7^6 +M8^8  M10 + k6e6
M6
(7.58)
Adaptation laws:
_^
6 = 6e4(IPV   IL) + 6e5M2   6e6M7
_^
7 =  7e5IL + 7e6M8
_^
8 = 8e5[VPV   (1  )Vdc]  8e6M9
_^
9 =  e69[(1  )IL   Idc]
(7.59)
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where
M1 =
VPV (ref)
^6
  _IPV   (
_VPV (ref)   k4e4) _^6
^26
+ k4 _VPV (ref)
M2 = IPV   IL; M10 =  M1M8 +M3  M5
M3 =
1
^8(1  )
(
_^
7IL + _IL^7   _M1 + _M2^6 +M2 _^6)
M4 =
1
^28(1  )2
(^7IL + VPV  M1 +M2^6 + k5e5)
M5 =M4
_^
8(1  ); M6 =M4^8; M7 = M2(1 + k5)
^8(1  )
M8 =
k5
^8
; M9 =M8[(1  )IL   Idc]
and k4; k5, and k6 are positive constant parameters and e4, e5, and e6 are also error
variables. The summary of the control input and adaptation laws for the diesel
generator is included in the following subsection.
7.4.3.3 Adaptive backstepping controller design for the diesel
generator
Typically, the diesel generator controls by regulating the excitation eld voltage. To
do this task, the excitation control law of the diesel generator is obtained through
the nonlinear adaptive backstepping technique which can be written as follows:
Vc = (Vt   Vref )  (^14Efd   A B1^10  B2^11 + k11)
^15
(7.60)
and adaptation laws are
_^
10 = 10e9(Efd   E 0q)  10e11B1
_^
11 = 11e9Id   11e11B2
_^
12 = 12e10E
0
d
_^
13 = 13e10Iq
_^
14 = 14e11Efd
_^
15 = 15e11(Vref + Vc   Vt)
(7.61)
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where
A =
1   _^11Id   ^11 _Id
^10
  (
_1   ^11Id   k9e9) _^10
^210
B1 = B(Efd   E 0q); B2 = BId; B = 1 
k9
^10
_1
1 =
2H
!0Iq
[
!0
2H
Pm   ( D
2H
  k7)(!   !0)]
and ki with i = 7; 8; 9; 10; and 11 is the positive constant parameter.
From the dierent steps during the design of the proposed scheme, it can be seen
that there are lots of complex computations. However, the implementation of all
these controllers only requires the nal equations which represent the original control
input and adaptation laws. It will also be more clearer from the following subsection
where a detailed implementation and simulation block diagram is included. All
these controllers are incorporated with the respective components within the DC
microgrid. The performances of these controllers are evaluated in the following
subsection.
7.4.3.4 Simulation results and experimental validations
The performance of the designed controllers for dierent components is validated us-
ing both simulation and experimental results. The simulation studies are carried out
in MATLAB/SIMULINK SimPowerSystems Toolbox while the experimental valida-
tions are performed on a hardware prototype. All these results are discussed in the
following subsections and comparisons are made with dierent existing controllers.
Simulation results
Simulations are conducted on a DC microgrid similar to that as presented in
Fig. 7.1. The nominal DC-bus voltage is considered as 120 V and the rated power
of the diesel generator is 15 kW. The PV system has a maximum power rating of
10 kW with a solar irradiance of 1000 W/m2 and an operating temperature of 298
K. The maximum load demand for the DC microgrid is 10 kW. In this thesis, a
Lithium-ion battery is used as the BESS with a voltage of 120 V DC and a capacity
of 150 Ah. The switching frequency of the converter is set to 5 kHz with a sampling
frequency of 10 kHz. The detailed implementation and simulation block diagram
of the designed control scheme is shown in Fig. 7.12 from where it can be seen
that the implementation of the controller is quite straightforward though it involves
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Figure 7.12. Generalized implementation and simulation block diagram for the nonlinear
adaptive backstepping controller in DC microgrids
complex computation during the design process. During the implementation, the
nal control and adaptation laws are used as indicated in Fig. 7.12. From Fig. 7.12, it
is also clear that the online parameter estimators are used to estimate the unknown
parameters where the estimation normally starts from some initial values. The
estimator continuously uses the control signal and measures the desired outputs of
the DC microgrid and update the parameters until the desired values are obtained.
Finally, the control signal is fed to the DC-DC converter of the BESS and PV units
through the pulse width modulator (PWM) while through the excitation system for
the diesel generator. For the simulation, the PV system is activated rst to build the
DC-bus voltage and consequently, the BESS and loads. To analyze the eectiveness
of the designed control scheme, dierent operating scenarios are considered and the
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Figure 7.13. Power in the DC microgrid under changing of solar irradiation while charg-
ing and discharging the BESS
results are compared with a conventional PI and SMC.
 Case I: Power supplied by the solar PV and BESS under constant
load and changing atmospheric conditions
In this scenario, the available output power (Ppv) from the solar PV system is larger
than the desired load demand (PL = 5 kW) for a period, t=0 s to t=6 s. During this
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Figure 7.14. DC-bus voltage in the microgrid under changing of solar irradiance while
charging and discharging the BESS
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Figure 7.15. Estimated parameters of the BESS with the DC-DC converter under chang-
ing of solar irradiance while charging and discharging the BESS
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Figure 7.16. Estimated parameters of the PV unit with the DC-DC boost converter
under changing of solar irradiance while charging and discharging the BESS
period, the solar PV system is operating at the standard atmospheric conditions,
i.e., the solar irradiation is 1000 W/m2 and environmental temperature is 298 K.
Thus, the solar PV system will supply excessive maximum power (Ppv = 10 kW)
for this period which can also be seen from Fig. 7.13 (a). The excess power (5 kW)
will be stored into the BESS after fullling the load demand and this is shown in
Fig. 7.13 (c). The load power is shown in Fig. 7.13 (b). The corresponding DC-bus
voltage is shown in Fig. 7.14.
At t=6 s, the solar irradiance has a step change from 1000 W/m2 to 600 W/m2
and the solar PV system continues to run under this condition till t=10 s. During
this period, the cell temperature is still considered as constant at 298 K. The output
power of the solar PV system will now be less than the desired load demand (PL =
5 kW) for such a change in the solar irradiation. In this situation, the BESS will be
discharged to match the load demand and maintain the desired DC-bus voltage.
During this condition, the changes in the power and voltage can be seen from
Fig. 7.13 and Fig. 7.14, respectively. From these gures, it can be seen that there
are some transients at the instant of changing the solar irradiation. However, the
designed nonlinear adaptive backstepping controller (NABC) acts faster than the
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Table 7.1. Percentage overshoot and settling time in the DC-bus voltage for Case I
Controller Percentage Overshoot Settling Time (s)
Designed 0.6 0.02
ESMC 1.16 0.15
Droop 2.75 0.16
PI 4 0.18
Table 7.2. Percentage overshoot and settling time in the DC-bus voltage for Case II
Controller Percentage Overshoot Settling Time (s)
Designed 0.41 0.02
ESMC 0.67 0.11
Droop 1 0.19
PI 1.25 0.25
conventional PI and existing sliding mode controller (ESMC) in terms of discharg-
ing the BESS and maintaining the DC-bus voltage to its steady-state value. Under
these conditions, the corresponding parameter estimation capabilities of the pro-
posed controller are shown in Fig. 7.15 and Fig. 7.16 which indicate that the steady-
state values of the unknown parameters are estimated immediately. Since the diesel
generator is not started its operation, the parameter estimation for this generator is
not shown in this case study.
 Case II: Power supplied by the solar PV, BESS, and diesel generator
while changing the loads
This scenario can be considered as the continuation of the previous scenario. The
solar PV system continues to operate with the reduced solar irradiation, i.e., with
600 W/m2 till t=14 s. At the same time, the battery will continue to discharging
and the SOC will be lower than 30% at t=14 s and in the meantime, the solar
irradiation becomes zero, i.e., there is no power from the BESS as well as from the
solar PV system. At the same instant, the load demand also increases from 5 kW
to 7 kW. In this situation, the diesel generator will supply the power to the load
and the BESS will also be charged from the diesel generator. The whole scenario is
simulated till t=18 s and the power balance is shown in Fig. 7.17 while the DC-bus
voltage is shown in Fig. 7.18. From both Fig. 7.17 and Fig. 7.18, it can be seen that
power and voltage are disturbed at t=14 s. However, the designed controller helps
the microgrid to quickly recover these disturbances. In this case, the parameter
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Figure 7.17. Power in the microgrid under changing load demand while supplying power
by the diesel generator
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Figure 7.20. Experimental setup of a DC microgrid
estimation capabilities of the controllers used with the BESS and PV unit will be
quite similar to those as shown in the previous case study. The estimated parameters
for the diesel generator is shown in Fig. 7.19 from where it can clearly be seen that
the designed controller eectively estimates all unknown parameters of the diesel
generator.
Therefore, it can be concluded that the designed controller has the ability to
estimate the unknown parameters under changing atmospheric conditions as well
as to maintain the power balancing capability under dierent operating scenarios.
The eectiveness of the proposed scheme is also compared with a droop controller
through the time-domain simulation results are not included in this paper. However,
the performance of the designed controller is compared with the PI, droop, and
sliding mode controllers in terms of the percentage overshoot and settling time
under dierent operating scenarios as discussed in this subsection. The percentage
overshoot and settling time for Case I and Case II are shown in Table 7.1 and
Table 7.2, respectively. From both of these tables, it can be concluded that the
designed NABC has lower percentage overshoots and faster settling times under all
operating conditions. The applicability of the proposed controller is also evaluated,
in the following subsection, on a scaled-down laboratory-based DC microgrid.
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Experimental validation
The eectiveness of the designed controller is evaluated on a hardware prototype
DC microgrid as shown in Fig. 7.20. The experimental setup in Fig. 7.20 includes
a solar PV emulator with the rated output voltage 30 V and it is connected to the
common DC-bus through a DC-DC boost converter. The setup in Fig. 7.20 also
includes a 48 V lead-acid battery bank along with a bidirectional DC-DC converter
to make an interface between the battery and the DC-bus while a diesel generator
with 120 VA capacity is used as the backup power source which is connected to the
DC-bus through a rectier. The common DC-bus voltage in this experimental setup
is 82 V. The nameplate values of inductors and capacitors in the DC-DC boost con-
verter and bidirectional DC-DC converter are 25 mH and 450 F, respectively though
these values are estimated through the designed adaptation laws. The main control
algorithms are developed in the MATLAB/SIMULINK platform which is indicated
as a computer in Fig. 7.20. The designed control algorithms are then deployed into
the dSPACE: MicroLabBox to generate the switching pulses for the converters. The
physical measurements of voltages and currents are performed through the data ac-
quisition modules where these measurements are fed to the dSPACE: MicroLabBox.
In this experiment, three parallel 320 
 resistive loads are used where these loads
are directly connected to the common DC-bus as shown in Fig. 7.20. The following
two cases are considered to demonstrate the eectiveness of the designed scheme on
the DC microgrid in Fig. 7.20.
 Case I: Power supplied by only the PV unit while changing the load
and solar irradiation
The primary control objectives are to maintain the power balance within the DC
microgrid and a constant DC-bus voltage with the variations in solar irradiations
and loads. These two objectives are related to each other as the constant DC-bus
voltage indicates the power balance within the DC microgrid. In this case, the
performance of the designed controller is evaluated by considering a step change in
the load demand as well as changes in solar irradiations. Initially, the load demand
is considered as 21.29 W while the generation from the PV unit is considered as
12.64 W for a solar irradiation of 500 W/m2. Since the generation from the PV
unit is lower than the load demand, the remaining 8.65 W power is supplied by
the BESS. These scenarios are shown in Fig. 7.21 from where it can be seen that
the BESS is discharging more than 8.65 W due to the conversion losses of 2.99 W.
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Figure 7.21. Power in the laboratory-based DC microgrid with changes in solar irradia-
tions and load demands while the power is only supplied by the PV unit
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Figure 7.22. DC-bus voltage in the laboratory-based DC microgrid with changes in solar
irradiations and load demands while the power is only supplied by the PV unit
At this situation, the corresponding DC-bus voltage can be seen from Fig. 7.22.
At t=11 s, the output power of the PV unit is increased from 12.64 W to 32.4 W
as the solar irradiation increases from 500 W/m2 to 1000 W/m2 and at the same
time, the load is also increased from 21.29 W to 23.82 W. In this situation, the
generation from the PV unit is greater than the load demand and therefore, the
energy corresponding to 7.412 W power is stored into the BESS as 3.168 W power is
being lost during the conversion process. This scenario is also depicted in Fig. 7.21
along with the common DC-bus voltage in Fig. 7.22. Thus, it can be said that the
designed controller is capable to manage the power balance and a constant DC-bus
voltage under changes in solar irradiations and load demands.
 Case II: Power supplied by both the PV unit and diesel generator
while changing the load and solar irradiation
In this case study, the PV unit is initially delivering more power into the DC mi-
crogrid as compared to the total load demand. The output power from the PV
unit is considered as 38 W and the load demand as 24 W while 7.22 W is stored
into the BESS. In this case, the conversion loss is quite similar (3.028 W) to that
in the previous case. At time t=11.24 s, the output power of the solar PV system
becomes zero which consequently forces the battery to be in the discharging mode
in order to maintain the power balance within the microgrid. In the meantime, the
load demand also reduces from 24 W to 21.43 W. At this stage, the diesel generator
starts supplying power to the DC microgrid in order to protect the battery from
being over-discharged. At this instant, the battery will again be in the charging
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Figure 7.23. Power in the laboratory-based DC microgrid with changes in solar irra-
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Figure 7.24. DC-bus voltage in the laboratory-based DC microgrid with changes in solar
irradiations and load demands while the power is supplied by both the PV unit and diesel
generator
mode and the corresponding power demonstrating all these situations can be seen
in Fig. 7.23 while the corresponding DC-bus voltage in Fig. 7.24.
It can be summarized that the designed controller exhibits similar characteristics
in both simulation and experimental platforms though there are some conversion
losses in the experimental condition.
7.5 Chapter Summary
In this chapter, rst, the nonlinear backstepping controllers are designed for dierent
components of the microgrid to regulate their output voltages in order to maintain a
constant voltage at the DC-bus and power balance within the microgrid. The theo-
retical frameworks to represent dierent components of DC microgrids are presented
along with the practical operational strategies (e.g., power management and control
actions). The chemistry of BESSs, atmospheric conditions for the solar power gen-
eration, and variations in load demands are considered to eectively coordinate the
operation of the designed controllers for dierent components. Each component is
controlled individually to match the output voltage with the DC-bus voltage while
delivering power to meet the desired load demands. The maintenance of the con-
stant DC-bus voltage is considered as an indication of the power balance and the
designed controller maintains a constant DC-bus voltage under dierent operating
conditions. The overall stability of the system is analyzed through the CLFs and the
negative semi-niteness of the derivative of CLFs ensures the theoretical stability of
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the microgrid. Simulation studies under dierent operating scenarios clearly indi-
cate that both control objectives, i.e., power balance and constant DC-bus voltage
are obtained in a much faster way when the designed controller is used.
Nonlinear adaptive backstepping controllers are also designed for dierent com-
ponents within a DC microgrid to maintain the overall power balance. The con-
trollers are designed by considering the parameters of all components as totally
unknown while adapting these parameters through the adaptation laws. Simula-
tion and experimental results clearly indicate that the designed controller is robust
against dierent practical operating scenarios and unknown parameters of all com-
ponents.
Chapter 8
Conclusions and Directions for Future
Research
8.1 Conclusions
The main objective of this thesis was to make substantial contributions in the eld
of power systems stability and control. For this purpose, the main emphasis was
on the design of adaptive and robust adaptive controllers for power systems which
are applicable to conventional power generation systems as well as recently grow-
ing renewable energy sources (RESs). It was clear that the designed adaptive and
robust adaptive controllers outperformed the existing controllers. The control prob-
lems were formulated by considering both parametric uncertainties and external
disturbances. The detailed design procedures for both adaptive and robust adap-
tive backstepping controllers were presented for excitation controllers in the SMIB
system and multimachine power systems when the output power of the synchronous
generator was constant. A coordinated control scheme was also presented for the co-
ordination between the excitation and steam{valve controllers to cope with changes
in load demands in both single and multimachine power systems. The adaptive and
robust adaptive controllers are also designed to generate PWM control signals for
the VSIs in three-phase grid-connected solar PV systems. Finally, the backstep-
ping and adaptive backstepping schemes were employed for dierent components
in hybrid DC microgrids. The results presented in this thesis were based on the
formulation of new control problems in the relevant power engineering applications
and all these controllers are designed to solve these problems as the existing con-
trollers were not able to perform under the contingencies which were stated during
the problem formulations throughout this thesis. The designed controllers in this
thesis undoubtedly oered several benets in terms of enhancing the transient sta-
bility under dierent operating conditions. The following conclusions can be made
based on the contributions in this thesis:
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 The existing power system stabilizers (PSSs) do not have the capability to
provide robustness against changes in operating conditions as well as against
parametric uncertainties and external disturbances.
 To implement the designed nonlinear adaptive backstepping controller, it is not
essential to know the exact values of the system parameters as these can be
considered as unknown which consequently overcomes the problem of existing
nonlinear controllers.
 The proposed adaptive excitation controller enhanced the transient stability
of both SMIB systems and multimachine power systems under parametric
uncertainties by considering both one-axis and two-axis models of synchronous
generators.
 The new coordinated adaptive backstepping controller is able to tackle the
perturbations from both mechanical and electrical properties to enhance the
transient stability of multimachine power systems as well as SMIB system.
 The designed excitation controller provides robustness against dierent op-
erating conditions, parametric uncertainties, and external disturbances. The
designed controllers can be implemented in a decentralized way as these do
not require any information from neighboring subsystems. As the designed
controllers provide more damping into the system, the settling time is faster
with less overshoots as compared to existing controllers.
 The designed adaptive backstepping controller has the capability to transfer
both active and reactive power for improving the power quality, i.e., with
a lower value of the total harmonic distortion (THD) which is usually less
than 2.5% in the current injected into the grid from the solar PV unit while
considering parametric uncertainties and changes in atmospheric conditions.
 To design the robust adaptive backstepping controller, both parametric un-
certainties and external disturbances are considered within the system also in
order to provide the robust performance in terms of injecting active power into
the grid and improving power quality as compared to an existing controller.
 The designed nonlinear adaptive backstepping controllers for dierent com-
ponents in a DC microgrid maintain the overall power balance under various
operating conditions. The controllers are designed by considering the parame-
ters of all components as totally unknown while adapting these parameters
through the adaptation laws. Simulation and experimental results clearly
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indicate that the designed controllers are robust against dierent practical
operating scenarios and unknown parameters of all components.
8.2 Directions for Future Research
Although this research work achieved promising results to improve the transient
stability, power quality, and voltage stability for both conventional and modern
power systems, there are still scopes to extend this research work. The proposed
scheme can be expanded by considering the following points:
 The performances of the designed excitation controllers were validated using
computer simulations for selected test systems. The implementation of the
designed controller in real power systems would provide more condence for
practical applications.
 Further to improve the injected power quality, i.e., the lower values of THDs
in the current injected into the grid, both adaptive and robust adaptive back-
stepping controller could be designed by considering LC and LCL lters as the
interface between the VSI and utility.
 The proposed adaptive and robust adaptive control schemes could be applied
to eliminate the harmonics for multilevel VSI topologies in three-phase grid-
connected solar PV systems.
 The power sharing priorities among the houses of similar categories need to be
more realistic and this can be done by considering the power loss and voltage
variations as additional constraints.
 Future work could contribute to the development of a similar platform by
considering the tracking mode of PV modules which would allow to design a
controller for mechanical devices.
 Future work could also be devoted to a laboratory-based system to implement
the designed controller in real-time applications using a Hardware-In-Loop
(HIL) system.
 As the smart grid is an emerging area of research in power systems, the pro-
posed adaptive and robust adaptive control schemes could be easily incorpo-
rated into a smart grid environment through agent-based techniques.
 The proposed control scheme could be applied to hybrid AC/DC microgrids
to control the power management within the microgrids through the commu-
nications among the dierent generating units.
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 Future work could devote to the design of a distributed controller for DC/AC
microgrids which will have the ability to use information from neighboring
components.
 Finally, the proposed schemes could be used to design controllers for dierent
types of wind farms to enhance the low-voltage-right-through (LVRT) capa-
bility.
Chapter 9
Appendices
9.1 Data of the SMIB system
!0 = 314:59 rad=s; T
0
do = 6:9s; T
0
qo = 0:4s; Vs = 1 pu; H = 3:5s; D = 3:2 pu;
xd = 1:863 pu; x
0
d = 0:296 pu; xq = 1:72 pu; x
0
q = 0:55 pu; KA = 200 pu; and TA =
0:001 s
9.2 Design of parameter estimators and adaptive
excitation controller for the fourth-order model of
synchronous generators in multi-machine power
systems
Step 1: Determination of x2di
At the beginning, it is essential to analyze the error dynamic corresponding to the
state x1i through the stabilizing function x2i. The error between x1i and x1di can be
dened as follows:
e1i = x1i   x1di (9.1)
The dynamics of e1i in terms of x2i can be written as follows:
_e1i = _x1i = x2i (9.2)
Since x2di is the stabilizing function for x2i, the speed deviation of synchronous
generators can be dened as follows:
e2i = x2i   x2di (9.3)
Using equation (9.3), the dynamic of e1i in equation (9.2) can be rewritten as follows:
_e1i = e2i + x2di (9.4)
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The CLF to analyze the stability of _e1i can be chosen as follows:
W1i =
1
2
e21i (9.5)
whose derivative is
_W1i = e1i _e1i = e1i(e2i + x2di) (9.6)
At this stage, the rst stabilizing control signal (x2di) to stabilize _e1i can be written
as follows:
x2di =  k1ie1i (9.7)
where k1i is a positive constant and using equation (9.7) into equation (9.6), it can
be written as:
_W1i =  k1ie21i + e1ie2i (9.8)
In equation (9.8), _W1i =  k1ie21i if e2i = 0 and _W1i  0 depending on the value of
e1i, i.e., _W1i is negative semi-denite which indicates the stability of _e1i. In order
to analyze the stability of the error dynamic ( _e2i) in the next step, it is essential to
calculate the derivative of x2di as shown below:
_x2di =  k1i _e1i =  k1ix2i (9.9)
The stability analysis of _e2i along with the derivation of the stabilizing function x3di
is discussed in the following step.
Step 2: Determination of x3di
The dynamic of e2i can be written as follows:
_e2i = _x2i   _x2di (9.10)
Equation (9.10) can be rewritten as follows:
_e2i =  1ix2i + 2i   3iIqix3i + k1ix2i (9.11)
In equation (9.11), three unknown parameters 1i; 2i, and 3i appear whose values
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are required to be estimated online to achieve desired performance. These unknown
parameters can be replaced in terms of their corresponding estimated values and
estimation errors. If the estimated values are ^1i; ^2i, and ^3i, along with their
estimation errors ~1i = 1i   ^1i; ~2i = 2i   ^2i; and ~3i = 3i   ^3i, respectively;
equation (9.11) can be rewritten as follows:
_e2i =  x2i(^1i + ~1i) + ^2i + ~2i   (^3i + ~3i)Iqix3i
+ k1ix2i
(9.12)
The error dynamic ( _e2i) can be stabilized through the virtual control variable x3i for
which the corresponding stabilizing function is x3di. Therefore, the error between
x3i and x3di can be dened as follows:
e3i = x3i   x3di (9.13)
In term of the error variable (e3i), equation (9.12) can be written as follows:
_e2i =  x2i(^1i + ~1i) + ^2i + ~2i   (^3i + ~3i)Iqi(e3i + x3di) + k1ix2i (9.14)
The CLF to analyze the stability of _e2i can be written as follows:
W2i =W1i +
1
2
(e22i +
1
1i
~21i +
1
2i
~22i +
1
3i
~23i) (9.15)
where 1i; 2i; and 3i are the gains for parameters estimations. The derivative of
W2i can be written as follows:
_W2i =  k1ie21i + e2i[e1i   x2i^1i + ^2i   ^3iIqi(e3i + x3di)
+ k1ix2i]  1
1i
~1i(
_^
1i + 1ie2ix2i)  1
2i
~2i(
_^
2i   2ie2i)
  1
3i
~3i[
_^
3i + 3ie2i(e3i + x3di)Iqi]
(9.16)
The stabilizing function x3i, to minimize the error (e2i), can be obtained from equa-
tion (9.16) and written as follows:
x3di =
1
^3iIqi
(e1i   x2i^1i + ^2i + k1ix2i + k2ie2i) (9.17)
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To ensure the stability of _e2i, the tuning functions for estimating the unknown
parameters 1i; 2i, and 3i in this step can be written as follows:
1i = 1ie2ix2i
2i = 2ie2i
3i = 3ie2iIqi(e3i + x3di)
(9.18)
With the stabilizing and tuning functions in equation (9.18), equation (9.16) can be
simplied as follows:
_W2i =  k1ie21i   k2ie22i   ^3iIqie3i  
1
1i
~1i(
_^
1i
+ 1i)  1
2i
~2i(
_^
2i   2i)  1
3i
~3i(
_^
3i + 3i)
(9.19)
From equation (9.19), it can be seen that the rst two terms on the right side will
be negative semi-denite if e1i = e2i = 0 and the third term (^3iIqie3i) will be
canceled in the next step by making e3i = 0. Since the decisions to estimate the
unknown parameters are not nalized yet, the last three terms on the right side of
equation (9.19) are endured at this step. In the next step, the dynamic of e3i will
be analyzed along with the calculation of x4di and this requires the calculation of
_x3di as shown below:
_x3di = Ai  Bi   Cix2i1i + Ci2i   CiIqix3i3i (9.20)
where
Ai =
Fi +
_^
2i
^3iI2qi
; Fi = x2i(1  _^1i); Bi = (Gi + ^2i + Ii)
^23iI
2
qi
Gi = e1i + k2ie2i; Ii = x2i(k1i   ^1i);
Ci =
1
^3iIqi
(k1i + k2i   ^1i)
The stabilizing function x4di is determined in the following step to analyze the
stability of _e3i.
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Step 3: Determination of x4di
At this step, the dynamic of e3i can be written as follows:
_e3i = 4i(x4i   x3i)  5iIdi   Ai +Bi + Cix2i1i 
Ci2i + CiIqix3i3i
(9.21)
In equation (9.21), the unknown parameters can be expressed in terms of their
estimated values and estimation errors as described by the following equation:
_e3i = (^4i + ~4i)(x4i   x3i)  (^5i + ~5i)Idi   Ai +Bi+
(^1i + ~1i)Cix2i   (^2i + ~2i)Ci + (^3i + ~3i)CiIqix3i
(9.22)
In this step, x4i is considered as the virtual control variable for the dynamics of e3i
in equation (9.22). The error corresponding to this virtual control variable can be
written as follows:
e4i = x4i   x4di (9.23)
where x4di is the stabilizing function for x4i. With this error variable (e4i), equa-
tion (9.22) can be rewritten as follows:
_e3i = (^4i + ~4i)(e4i + x4di   x3i)  (^5i + ~5i)Idi   Ai +Bi
+ (^1i + ~1i)Cix2i   (^2i + ~2i)Ci + (^3i + ~3i)CiIqix3i
(9.24)
The CLF to stabilize _e3i in equation (9.24) can be formulated as follows:
W3i = W2i +
1
2
(e23i +
1
4i
~24i +
1
5i
~25i) (9.25)
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whose derivative can be written as:
_W3i =  k1ie21i   k2ie22i + e3i[^4i(e4i + x4di   x3i)  e2i^3iIqi
  ^5iIdi   Ai +Bi + ^1iCix2i   Ci^2i + Ci^3ix3iIqi]
  1
1i
~1i(
_^
1i + 1i   1ie3iCix2i)  1
2i
~2i(
_^
2i   2i
+ 2ie3iCi)  1
3i
~3i(
_^
3i + 3i   3ie3iCiIqix3i) 
1
4i
~4i[
_^
4i   4ie3i(e4i + x4di   x3i)]  1
5i
~5i(
_^
5i + 5ie3iIdi)
(9.26)
To analyze the stability of _e3i, it is essential to obtain the stabilizing function (x4di)
and tuning functions for all unknown parameters in equation (9.24). Based on
equation (9.26), the stabilizing function for x4i can be chosen as follows:
x4di = x3i +
1
^4i
(^5iIdi + e2i^3iIqi + Ai  Bi   Ci
x2i^1i + Ci^2i   CiIqix3i^3i   k3ie3i
(9.27)
while the tuning functions as:
11i =  1i + 1ie3iCix2i
22i = 2i   2ie3iCi
33i =  3i + 3ie3iCiIqix3i
4i = 4ie3i(e4i + x4di   x3i)
5i = 5ie3iIdi
(9.28)
Using the values of the stabilizing and tuning functions, equation (9.26) can be
simplied as follows:
_W3i =  k1ie21i   k2ie22i   k3ie23i + e4ie3i^4i  
1
1i
~1i(
_^
1i   11i)  1
2i
~2i(
_^
2i   22i)  1
3i
~3i(
_^
3i
  33i)  1
4i
~4i(
_^
4i   4i)  1
5i
~5i(
_^
5i + 5i)
(9.29)
From equation (9.29), it can be seen that the rst three terms in the right side of
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equation (9.29) are negative semi-denite if e1i = e2i = e3i = 0 and the fourth term
(e4ie3i^4i) will be canceled in the next step by making e4i = 0 through the excitation
controller. The last ve terms are tolerated at this step as the decisions to estimate
unknown parameters have not been nalized yet. In the next, the dynamic of _x4di
will be used which can be obtained by taking its derivative in equation (9.29) and
written as follows:
_x4i =  G1i1i  H1i2i   I1i3i   (F1i +D1i)4i  D2i5i
+ A1i +B1i + Ji
(9.30)
where
A1i =
_^
4i
^24i
(^4ix3i   ^5iIdi   e2i^3iIqi   Ai +Bi + Cix2i^1i 
Ci^2i + CiIqix3i^3i + k3ie3i);
B1i =   1
^4i
[
_^
4ix3i   _^5iIdi   ^5i _Idi + _Cix2i^1i + Cix2i _^1i
  _Ai + _Bi   _Ci^2i   Ci _^2i + _^3iIqi(Ci + e2i)
  _CiIqix3i^3i _Iqi^3i(Ci + e2i)];
D2i = 1 +
k3i
^4i
; D1i = D2ix3i; F1i = D2ix4i;
I1i =
1
^4i
(Bik3i + C1ix3iIqi); H1i =
1
^4i
(Aik3i + C1i);
G1i =
1
^4i
(Aix2ik3i + C1ix2i); C1i = Ai^1i + Ci  Gi;
Ji =
k3i
^4i
(Fi +Gie2i)  1
^4i
Gik1ix2i
The derivation of the excitation control law along with the parameter estimators is
discussed in the following step.
Step 4: Derivation of the nal excitation control law Vci and parameter
estimators
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Using the values of _x4i and _x4di, the dynamic of _e4i can be written as follows:
_e4i =  6ix4i + 7i(i + Vci) +G1i1i +H1i2i + I1i3i
+D1i4i +D2i5i + F1i4i   A1i  B1i   Ji
(9.31)
As discussed in previous steps, equation (9.31) can be rewritten as follows in terms of
the estimated values and estimation errors corresponding to all unknown parameters:
_e4i =  (^6i + ~6i)x4i + (^7i + ~7i)(i + Vci) +G1i(^1i
+ ~1i) +H1i(^2i + ~2i) + I1i(^3i + ~3i) + (D1i + F1i)
(^4i + ~4i) +D2i(^5i + ~5i)  A1i  B1i   Ji
(9.32)
The original excitation control signal Vci now appears in equation (9.32) which needs
to be obtained in a manner that the errors e1i; e2i; e3i, and e4i converge to zero as
t!1. In order to attain this, the nal CLF is considered as follows:
W4i = W3i +
1
2
(e24i +
1
6i
~26i +
1
7i
~27i) (9.33)
whose derivative can be written as:
_W4i =  k1ie21i   k2ie22i   k3ie23i + e4i[e3i^4i   ^6ix4i + ^7i
(i + Vci) +G1i^1i +H1i^2i + I1i^3i + (D1i + F1i)
^4i +D2i^5i   A1i  B1i   Ji]  1
1i
~1i(
_^
1i   11i
  1iG1ie4i)  1
2i
~2i(
_^
2i   22i   2iH1ie4i)
  1
3i
~3i(
_^
3i   33i   3iI1ie4i)  1
4i
~4i[
_^
4i   4i
  (D1i + F1i)4ie4i]  1
5i
~5i(
_^
5i + 5i   5ie4i
D2i)  1
6i
~6i(
_^
6i + 6ie4ix4i)  1
7i
~7i[
_^
7i 
7ie4i(i + Vci)]
(9.34)
At this point, it is essential to obtain the excitation control law for the excitation
system and parameter estimators for all unknown parameters in such a way that the
overall stability of the system is maintained. The stability will be guaranteed if _W4i
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is negative denite or semi-denite. By keeping this point in mind, the excitation
control input (Vci) can be chosen as follows:
Vci =
1
^7i
[^6ix4i  i^7i  G1i^1i  H1i^2i   I1i^3i + A1i
  (D1i + F1i + e3i)^4i  D2i^5i +B1i + Ji   k4ie4i]
(9.35)
and the parameter estimators to obtain their estimated values (^1i; ^2i; ^3i; ^4i; ^5i; ^i;
and ^7i) can be written as:
_^
1i = 11i + 1iG1ie4i
_^
2i = 22i + 2iH1ie4i
_^
3i = 33i + 3iI1ie4i
_^
4i = 4i + (D1i + F1i)4ie4i
_^
5i =  5i + 5ie4iD2i
_^
6i =  6ie4ix4i
_^
7i = 7ie4i(i + Vci)
(9.36)
where k4i is a positive constant. With this excitation control input and parameter
estimators, equation (9.34) can be simplied as follows:
_W4i =  k1ie21i   k2ie22i   k3ie23i   k4ie24i  0 (9.37)
If the error variables (e1i; e2i; e3i, and e4i) converge to zero due to the excitation
control action, _W4i in equation (9.37) will be negative semi-denite which indicates
the overall stability of the system.
9.3 Robust adaptive excitation controller design for the
fourth-order model of synchronous generators in a
multimachine power system
Step 1: The rotor angle tracking error can be dened as follows:
e1i = x1i   x1di (9.38)
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where x1di is the desired trajectory of the rotor angle. The dynamic of e1i can be
written as follows:
_e1 = _x1i = x2i + d1i (9.39)
In equation (9.39), x2i can be considered as a virtual control variable to minimize
the error (e1i). Now, the rst CLF can be dened as:
W1i =
1
2
e21i (9.40)
and by substituting the value of _e1i, the derivative of W1i can be written as follows:
_W1i = e2i(x2i + d1i) (9.41)
Now, the stabilizing function (i) corresponding to the state x2i can be designed as
follows to stabilize the error dynamics in equation (9.39):
i =  k1ie1i (9.42)
where k1i is a positive design constant. With this stabilizing function, equation (9.41)
can be simplied as follows:
_W1i =  k1ie21i + e1id1i (9.43)
From equation (9.43), it is clear that _W1i will be negative semi-denite if e1i = 0.
For this purpose, it is essential to analyze the dynamic of i which can be written
as follows:
_i =  k1i _e1i (9.44)
Substituting the value of _e1i from equation (9.39) into equation (9.44), it can be
written as follows:
_i =  k1i(x2i + d1i) (9.45)
The rotor angle tracking error (e1i) will converge to zero if x2i = i. Therefore, it
is essential to analyze the error dynamic between x2i and i as i is not the actual
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control input. The following step is focused to do this.
Step 2: The error between x2i and i can be dened as follows:
e2i = x2i   i (9.46)
The dynamic of e2i using the values of _x2i and _i can be expressed as follows:
_e2i = 1ix2i + 2i + 3iIqix3i + d2i + k1i(x2i + d1i) (9.47)
Since 1i; 2i, and 3i in equation (9.47) are unknown parameters and the proposed
controller will estimate these parameters; it is essential to represent these param-
eters in terms of their estimated values, ^1i; ^2i, and ^3i, respectively. Therefore,
equation (9.47) can be simplied as follows:
_e2i = x2i(^1i + ~1i) + ^2i + ~2i + (^3i + ~3i)Iqix3i + d2i + k1i(x2i + d1i) (9.48)
where ~1i = 1i   ^1i; ~2i = 2i   ^2i; and ~3i = 3i   ^3i are estimation errors for the
unknown parameters 1i; 2i and 3i, respectively. The CLF to analyze the stability
of the errors related to tracking of state trajectories and unknown parameters can
be written as follows:
W2i =W1i +
1
2
(e22i +
1
1i
~21i +
1
2i
~22i +
1
3i
~23i) (9.49)
where 1i; 2i; and 3i are adaptation gains. The derivative of W2i can be written as
follows:
_W2i =  k1ie21i + e2i(x2i^1i + ^2i + ^3iIqix3i + k1ix2i)
  1
1i
~1i(
_^
1i   1ie2ix2i)  1
2i
~2i(
_^
2i   2ie2i) 
1
3i
~3i(
_^
3i   3ie2ix3iIqi) + e1id1i + e2i(d2i + k1id1i)
(9.50)
A new stabilizing function (x3i = 1i) will stabilize the dynamic of the error (e2i)
without the inuence of external disturbances if it is selected as follows:
1i =   1
^3iIqi
(x2i^1i + ^2i + k1ix2i + k2ie2i) (9.51)
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At this stage, it is essential to choose the tuning functions (1i; 2i; and 3i) in such
a way that the estimation errors are minimized. Thus, the tuning functions can be
selected as follows:
1i = 1ie2ix2i
2i = 2ie2i
3i = 3ie2ix3iIqi
(9.52)
With these tuning functions and equation (9.51), equation (9.50) can be written as
follows:
_W2i =  k1ie21i   k2ie22i  
1
1i
~1i(
_^
1i   1i)  1
2i
~2i(
_^
2i   2i)
  1
3i
~3i(
_^
3i   3i) + e1id1i + e2i(d2i + k1id1i)
(9.53)
If the errors e1i and e2i converge to zero and the tuning functions are selected to
appropriately estimate the unknown parameters (i.e., such that the estimation error
is zero), (9.53) will be negative semi-denite which indicates the stability. Since the
control law (1i) is not the original one and the decisions for the unknown parameter
estimation are not nalized yet, the dynamic of 1i, as expressed in (9.54), needs to
be analyzed which can be written as:
_1i = Fi +Gie2i   Ai(x2i1i + 2i + d2i) Bi3i   x2iCi (9.54)
where
Ai =
^1i + k1i + k2i
^3iIqi
; Bi = AiIqi;
Ci =
1
^3iIqi
(
_^
1i + k1i)  (^1i + k1i)(
_^
3i
^23iIqi
+
_Iqi
^3iI2qi
);
Fi =
2i
_^
3i
^23iIqi
 
_^
2i
^3iIqi
+
^2i _Iqi
^3iI2qi
; and Gi =
k2i
^3iI2qi
(
_^
3i + _Iqi)
The dynamic of 1i should be analyzed by considering the error between x3i and 1i
as discussed in the following step.
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Step 3: Let dene the error variable between x3i and 1i as follows::
e3i = x3i   1i (9.55)
The dynamic of e3i using the values of _x3i and _1i can be written as:
_e3i = 4ix3i + 5iIdi + 4ix4i + d3i   Fi  Gie2i+
Ai(x2i1i + 2i + d2i) +Bi3i + x2iCi
(9.56)
When the estimation errors are incorporated into equation (9.56), it can be expressed
as follows:
_e3i = (^4i + ~4i)(x3i + x4i) + (^5i + ~5i)Idi   Fi  Gie2i
+ (^1i + ~1i)Aix2i + (^2i + ~2i)Ai + (^3i + ~3i)Bi
+ Cix2i + Aid2i + d3i
(9.57)
where ~4i = 4i   ^4i and ~5i = 5i   ^5i represent the estimation errors for the
unknown parameters 4i and 5i, respectively while ^4i and ^5i are their corresponding
estimated values. Now, the CLF can be formulated as follows (in a similar way as
discussed in the previous step):
W3i = W2i +
1
2
(e23i +
1
4i
~24i +
1
5i
~25i) (9.58)
Using equations (9.53) and (9.57), the derivative of W3i can be written as follows:
_W3i =  k1ie21i   k2ie22i + e3i(^4ix3i + ^5iIdi + ^4ix4i
  Fi  Gie2i + ^1iAix2i + Ai^2i +Bi^3i + Cix2i)
  1
1i
~1i(
_^
1i   1i   1ie3iAix2i)  1
2i
~2i(
_^
2i   2i
  2ie3iAi)  1
3i
~3i(
_^
3i   3i   3ie3iBi)  1
4i
~4i
[
_^
4i   4ie3i(x3i + x4i)]  1
5i
~5i(
_^
5i   5ie3iIdi)
+ e1id1i + e2i(d2i + k1id1i) + e3i(d3i + Aid2i)
(9.59)
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Another stabilizing function (x4i = 2i) will stabilize the error dynamic (e3i) without
the inuence of external disturbances if it is selected as follows:
2i =  x3i   1
^4i
(^5iIdi   Fi  Gie2i + ^1iAix2i + Ai^2i
+Bi^3i + Cix2i + k3ie3i)
(9.60)
At this stage, the rst three tuning functions (1i; 2i, and 3i) will be updated as
follows to minimize the estimation errors for the unknown parameters 1i; 2i; and
3i.
11i = 1i + 1ie3iAix3i
22i = 2i + 2ie3iAi
33i = 3i + 3ie3iBi
(9.61)
The tuning functions to estimate the unknown parameters 4i and 5i can be chosen
as follows to minimize the corresponding estimation error.
4i = 4ie3i(x3i + x4i)
5i = 5ie3iIdi
(9.62)
With these tuning functions and equation (9.60), equation (9.59) can be simplied
as follows:
_W3i =  k1ie21i   k2ie22i   k3ie23i  
1
1i
~1i(
_^
1i   11i)
  1
2i
~2i(
_^
2i   22i)  1
3i
~3i(
_^
3i   33i) 
1
4i
~4i(
_^
4i   4i)  1
5i
~5i(
_^
5i   5i) + e1id1i
+ e2i(d2i + k1id1i) + e3i(d3i + Aid2i)
(9.63)
If the errors e1i; e2i, and e3i converge to zero and the tuning functions are properly
selected; equation (9.63) will be negative semi-denite. As the control law (2i) is
virtual and the estimation of unknown parameters is not decided at this step, the
dynamic of 2i should be analyzed to check the stability. The dynamic of 2i can
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be written as:
_2i =  G1i1i  H1i2i   I1i3i  D1i4i  D11i5i
  F1i4i + A1i +B1i + Ji  i
(9.64)
where
A1i =
_^
4i
^24i
(^4ix3i + ^5iIdi   Fi  Gie2i + Aix2i^1i+
Bi^3i + Cix2i + k3ie3i);
B1i =   1
^4i
(
_^
4ix3i +
_^
5iIdi + ^5i _Idi + _Aix2i^1i + Aix2i
_^
1i
+ _Ai^2i + Ai
_^
2i + _Bi^3i +Bi
_^
3i   _Cix2i   _Fi   _Gie2i);
D11i = 1 +
k3i
^4i
; D1i = D11ix3i; F1i = D11ix4i;
I1i =
1
^4i
(Bik3i + C1ix3iIqi); H1i =
1
^4i
(Aik3i + C1i);
G1i =
1
^4i
(Aix2ik3i + C1ix2i); C1i = Ai^1i + Ci  Gi;
Ji =
k3i
^4i
(Fi +Gie2i)  1
^4i
Gik1ix2i; and
i =
1
^4i
(Aik3id2i + C1id2i  Gik1id1i)
The dynamic of 2i needs to be analyzed by considering the error between x4i and
2i as discussed in the following step.
Step 4: The error between x4i and 2i is the nal error which can be dened as
follows:
e4i = x4i   2i (9.65)
The dynamic of e4i using the values of _x4i and _2i can be written as follows:
_e4i =  6ix4i + 7i(Vrefi + Vci   Vti) + d4i +G1i1i+
H1i2i + I1i3i +D1i4i +D11i5i + F1i4i   A1i
 B1i   Ji +i
(9.66)
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With the inclusion of estimation errors for estimating unknown parameters, equa-
tion (9.66) can be modied as follows:
_e4i =  (^6i + ~6i)x4i + (^7i + ~7i)(Vrefi + Vci   Vti)
+ d4i +G1i(^1i + ~1i) +H1i(^2i + ~2i) + I1i(^3i+
~3i) + (D1i + F1i)(^4i + ~4i) +D11i(^5i + ~5i)  A1i
 B1i   Ji +i
(9.67)
where ~6i = 6i  ^6i and ~7i = 7i  ^7i represent the estimation errors corresponding
to the unknown parameters 6i and 7i, respectively along with their estimated values
^6i and ^7i.
In all previous steps, the virtual control laws are used to stabilize the error
dynamics due to the absent of the actual control input. The actual control signal
(Vci) is now available in equation (9.67) which needs to be obtained in such a manner
that the errors e1i; e2i; e3i, and e4i converge to zero as t!1. This can be done by
analyzing the stability through the formulation of the following CLF:
W4i = W3i +
1
2
(e24i +
1
6i
~26i +
1
7i
~27i) (9.68)
Substituting the values of relevant terms in equation (9.68), the derivative of W4i
can be written as follows:
_W4i =  k1ie21i   k2ie22i   k3ie23i + e4i[ ^6ix4i + ^7i(Vrefi
+ Vci   Vti) +G1i^1i +H1i^2i + I1i^3i + (D1i + F1i)
^4i +D11i^5i   A1i  B1i   Ji]  1
1i
~1i(
_^
1i   11i
  1iG1ie4i)  1
2i
~2i(
_^
2i   22i   2iH1ie4i)
  1
3i
~3i(
_^
3i   33i   3iI1ie4i)  1
4i
~4i[
_^
4i   4i
  (D1i + F1i)4ie4i]  1
5i
~5i(
_^
5i   5i   5ie4i
D11i)  1
6i
~6i(
_^
6i + 6ie4ix4i)  1
7i
~7i[
_^
7i 
7ie4i(Vrefi + Vci   Vti)] + e1i1i + e2i2i
+ e3i3i + e4i4i
(9.69)
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where 1i = d1i;2i = d2i+k1id1i;3i = d3i+Aid2i; and 4i = 1+d4i. The actual
control input to stabilize the errors using external disturbances and the estimated
values of unknown parameters can be written as follows:
Vci =   1
^7i
[ ^6ix4i +G1i^1i +H1i^2i + I1i^3i + (D1i
+ F1i)^4i +D11i^5i   A1i  B1i   Ji + k4ie4i+
4isgn(e4i)]  e3i3isgn(e3i)  e2i2isgn(e2i)
  e1i1isgn(e1i)
(9.70)
where sgn is the signum function which can be written as follows:
sgn(e) =
8>>><>>>:
+1 if e > 0
0 if e = 0
 1 if e < 0
(9.71)
The adaptation laws to estimate the unknown parameters while minimizing the
estimation errors can be expressed as follows:
_^
1i = 11i + 1iG1ie4i
_^
2i = 22i + 2iH1ie4i
_^
3i = 33i + 3iI1ie4i
_^
4i = 4i + (D1i + F1i)4ie4i
_^
5i = 5i + 5ie4iD11i
_^
6i =  6ie4ix4i
_^
7i = 7ie4i(Vrefi + Vci   Vti)
(9.72)
The control law equation (9.70) will stabilize the whole system if _W4i is negative
semi-denite, i.e., _W4i  0. For this purpose, the external disturbances need to
bounded in such a way that j1ij  1i; j2ij  2i; j3ij  3i; and j4ij  4i
with 1i;2i;3i; and 4i as known constants. Using these bounds on the external
disturbances and the expressions for the excitation control law along with adaptation
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laws, equation (9.69) can be simplied as follows:
_W4i =  k1ie21i   k2ie22i   k3ie23i   k4ie24i + e4i[4i 
4isgn(e4i)] + e3i[3i   3isgn(e3i)] + e2i[2i 
2isgn(e2i)] + e1i[1i   1isgn(e1i)]  0
(9.73)
Equation (9.73) represents the stability of the whole power system as _W4i  0.
9.4 Adaptive excitation controller design for the
fth-order model of synchronous generators in a
multimachine power system
Step 1: While estimating the unknown parameters and obtaining the excitation
control input using the adaptive backstepping approach, it is essential to ensure the
proper tracking of all state variables (which usually represent all physical properties
of the system) appearing within the model. As a part of doing this, the rotor angle
tracking error (e1i) can be written as follows:
e1i = x1i   x1di (9.74)
where x1di is the desired rotor angle and the derivative of this tracking error can be
written as:
_e1i = _x1i = x2i (9.75)
Here x2i can be considered as a virtual control variable to stabilize the dynamic
of the rotor angle tracking error which also represents the speed deviation of the
synchronous generator. The CLF to analyze the convergence of the rotor angle
tracking error can be written as follows:
W1i =
1
2
e21i (9.76)
whose derivative can be simplied as follows:
_W1i = e1ix2i (9.77)
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The rotor angle tracking error e1i will converge to zero if _W1i is negative semi-
denite, i.e., _W1i  0. If a stabilizing function i  x2i is chosen to achieve _W1i  0,
it can be expressed as the following rotor angle tracking error feedback controller:
i =  k1ie1i (9.78)
where k1i is a design parameter and its value is usually selected based on the char-
acteristics of the system. Using equation (9.78), equation (9.79) can be written as
follows:
_W1i =  k1ie21i (9.79)
Equation (9.79) clearly indicates that _W1i  0 and thus, guarantees the convergence
of the rotor angle tracking error. In the proposed adaptive backstepping controller
design process, it is essential to use the derivative of i to ensure the convergence of
the speed deviation in the next step and thus, the derivative of i (using _e1i = x2i)
can be written as:
_i =  k1ix2i (9.80)
Step 2: As i and x2i are not exactly the same, the speed deviation, i.e., the
speed tracking error (e2i) can be dened as:
e2i = x2i   i (9.81)
The dynamic of e2i using the values of _x2i and _i can be written as follows:
_e2i = k1ix2i   Di
2Hi
[x2i + (Iqix3i + Idix4i   Pmi)] (9.82)
At this point, it is essential to analyze the convergence of the speed tracking error
for which the CLF can be written as follows:
W2i = W1i +
1
2
e22i (9.83)
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whose derivative can be expressed as follows:
_W2i =  k1ie21i + e2i(
!0i
2Hi
Pmi   Di
2Hi
x2i   !0i
2Hi
Iqix3i
  !0i
2Hi
x4iIdi + k1ix2i)
(9.84)
According to the adaptive backstepping approach, the states x3i and x4i within
the dynamical model of the power system can be considered as the virtual control
variables. If the stabilizing functions corresponding to the virtual control variables
x3i and x4i are 1i and 2i, these stabilizing functions can be chosen as follows in
order to achieve _W2i  0:
1i =
2Hi
Iqi!0i
(
!0i
2Hi
Pmi   Di
2Hi
x2i + k1ix1i)
2i =
2Hi
Idi!0i
k2ie2i
(9.85)
With these stabilizing functions (1i and 2i), equation (9.84) can be simplied as
follows:
_W2i =  k1ie21i   k2ie22i (9.86)
where k2i is a positive design parameter and its value is usually selected based on
the characteristics of the system. Equation (9.86) clearly indicates that _W2i  0 and
thus, guarantees the convergence of the speed tracking error. The characteristics of
the remaining error dynamics are analyzed in the following steps.
Step 3: As the stabilizing functions in equation (9.85) are not original control
inputs of the system, it essential to analyze the error dynamics of the virtual control
variables x3i and x4i in terms of the corresponding stabilizing functions 1i and 2i.
The errors e3i and e4i corresponding to the state variables x3i and x4i can be written
as follows:
e3i = x3i   1i and e4i = x4i   2i (9.87)
The dynamic of e3i using the values of _x3i and _1i can be written as:
_e3i =  1ix3i + 2iIdi + 1ix5i   _1i (9.88)
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If ~1i = 1i   ^1i and ~2i = 2i   ^2i are the parameter estimation errors during the
estimation of unknown parameters 1i and 2i with their estimated values ^1i and
^2i, respectively; equation (9.88) can be rewritten as:
_e3i =  (^1i + ~1i)(x3i   x5i) + (^2i + ~2i)Idi   _1i (9.89)
Similarly, the dynamic of e4i can be written as:
_e4i = (^3i + ~3i)x4i + (^4i + ~4i)Iqi   _2i (9.90)
where ^3i is the estimated value of 3i, ^4i is the estimated value of 4i, and ~3i =
3i   ^3i and ~4i = 4i   ^4i represent the estimation errors corresponding to the
unknown parameters 3i and 4i, respectively. In order to analyze the convergence
of the errors e3i and e4i, the CLF can be chosen as follows:
W3i =W2i +
1
2
(e23i + e
2
4i +
1
1i
~21i +
1
2i
~22i +
1
3i
~23i
+
1
4i
~24i)
(9.91)
where 1i, 2i, 3i, and 4i are adaption gains which are always positive. It is essential
to take the derivative of W3i in equation (9.91) in order to analyze the stability of
the error dynamics _e3i and _e4i and this can be written as follows:
_W3i =  k1ie21i   k2ie22i + e3i[^2iIdi   ^1i(x3i   x5i)  _1i]
+ e4i(^3ix4i + ^4i   _2i)  1
1i
~1i[
_^
1i + 1ie3i(x3i 
x5i)]  1
2i
~2i(
_^
2i   2ie2iIdi)  1
3i
~3i(
_^
3i   3ie4i
x4i)  1
4i
~4i(
_^
4i   4ie4iIqi)
(9.92)
The error dynamics _e3i and _e4i will be stable if _W3i is negative semi-denite. In
equation (9.92), there are two terms on the right side whose eects can be eliminated
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by choosing the following two terms:
3i =
1
^1i
(^1ix3i   ^2iIdi + _1i   k3ie3i)
^3ix4i + ^4i   _2i =  k4ie4i
(9.93)
where 3i is the stabilizing function for the virtual control variable x5i in the next
step while k3i and k4i are positive design parameters and their value are usually
selected based on the characteristics of the system. At this point, the parameter
adaptation laws are not determined to estimate the unknown parameters 1i; 2i; 3i,
and 4i in order to avoid over-parameterization problems as well as there are still
two unknown parameters 5i and 6i. Though the values of ^1i; ^2i; ^3i, and ^4i are
not updated at this step, the following tuning functions are dened:
1i = 1ie3i(x3i   x5i); 2i = 2ie3iIdi;
3i = 3ie4ix4i; 4i = 4ie4iIqi
(9.94)
Using equations (9.93) and (9.94), equation (9.92) can be simplied as follows:
_W3i =  k1ie21i   k2ie22i   k3ie23i   k4ie24i  
1
1i
~1i(
_^
1i + 1i)
  1
2i
~2i(
_^
2i   2i)  1
3i
~3i(
_^
3i   3i)  1
4i
~4i(
_^
4i
  4iIqi)
(9.95)
The rst four terms at the right side of equation (9.95) clearly indicate the negative
semi-deniteness of _W3i. The last four terms which are functions of unknown pa-
rameters which are tolerated at this step as the decisions to estimate the unknown
parameters are not nalized yet. However, these problems will be sorted out in the
following nal step which also requires the derivative of the stabilizing function 3i
and this derivative can be written as follows:
_3i = Ai  Bi(x3i   x5i)1i +BiIdi2i (9.96)
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where
Ai =
1
^1i
( 1i   _^2iIdi   _Idi^2i + k3i _1i) 
_^
1i
^21i
( _1i   ^2iIdi
  k3ie3i) and Bi = 1  k3i
^1i
The derivation of the parameters adaptation laws and excitation control input along
with the stability analysis of the whole system is shown in the following step.
Step 4: As the stabilizing function 3i is not exactly equal to the state variable
x5i, the nal error variable e5i can be dened as follows:
e5i = x5i   3i (9.97)
The dynamic of e5i using the values of _x5i and _3i can be written as follows:
_e5i =5ix5i + 6i(Vi + Vci)  Ai +Bi(x3i   x5i)
1i  BiIdi2i
(9.98)
If ~5i = 5i   ^5i and ~6i = 6i   ^6i are the parameter estimation errors during the
estimations of unknown parameters 5i and 6i with their estimated values ^5i and
^6i, respectively; equation (9.98) can be rewritten as follows:
_e5i = (^5i + ~5i)x5i + (^6i + ~6i)(Vi + Vci)  Ai
+Bi(x3i   x5i)(^1i + ~1i) BiIdi(^2i + ~2i)
(9.99)
From equation (9.99), it can be seen that all unknown parameters appear along with
the excitation control input Vci. Now, the parameter adaptation laws and excitation
control input need to obtained in such a way that the errors e1i; e2i; e3i; e4i; and e5i
converge to zero as t!1 and at same time, the excitation control input provides
adequate damping into the system in order to preserve the stability margin. The
convergence of these errors can be guaranteed through the CLF and the nal CLF
can be selected as follows:
W4i = W3i +
1
2
(e25i +
1
5i
~25i +
1
6i
~26i) (9.100)
9.4 Adaptive excitation controller design for the fth-order model of synchronous
generators in a multimachine power system 393
whose derivative is
_W4i =  k1ie21i   k2ie22i   k3ie23i   k4ie24i + e5i[^5ix5i+
^6i(Vi + Vci)]  Ai +Bi(x3i   x5i)^1i   ^2iBiIdi]
  1
1i
~1i[
_^
1i + 1i   1ie5iBi(x3i   x5i)]  1
2i
~2i(
_^
2i   2i + 2ie5iBiIdi)  1
3i
~3i(
_^
3i   3i)  1
4i
~4i(
_^
4i   4i)  1
5i
~5i(
_^
5i   5ie5ix5i)  1
6i
~6i[
_^
6i
  6ie5i(Vi + Vci)]
(9.101)
The inuences of ~1i; ~2i; ~3i; ~4i; ~5i and ~6i in equation (9.101) can be eliminated if
the following adaptation laws are chosen:
_^
1i =  1i + 1ie5iBi(x3i   x5i)
_^
2i = 2i   2ie5iBiIdi
_^
3i = 3i;
_^
4i = 4i;
_^
5i = 5ie5ix5i
_^
6i = 6ie5i(Vi + Vci)
(9.102)
With these adaptation laws, equation (9.101) can be simplied as follows:
_W4i =  k1ie21i   k2ie22i   k3ie23i   k4ie24i + e5i[^5ix5i+
^6i(Vi + Vci)]  Ai +Bi(x3i   x5i)^1i   ^2iBiIdi]
(9.103)
Now, the excitation control input Vci can be selected as follows:
Vci =   1
^6i
[^6iVi + ^5ix5i   Ai +Bi(x3i   x5i)^1i
  ^2iBiIdi + k5ie5i]
(9.104)
With this excitation control input, equation (9.103) can further be simplied as
follows:
_W5i =  k1ie21i   k2ie22i   k3ie23i   k4ie24i   k5ie25i  0 (9.105)
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which is negative semi-denite. Thus, the parameter adaptation laws and adaptive
backstepping excitation controller stabilizes the whole system.
9.5 Robust adaptive excitation controller design for the
fth-order model of synchronous generators in a
multimachine power system
Step 1: The rotor angle tracking error (e1i) can be dened as follows:
e1i = x1i   x1di (9.106)
where x1di is the desired rotor angle. The dynamic of e1i can be written as follows:
_e1i = _x1i = x2i + d1i (9.107)
In equation (9.107), x2i can be considered as a virtual control variable and then a
stabilizing function can be designed to force x1i in order to follow x1di, i.e., e1i = 0.
For this purpose, the CLF can be selected as follows:
W1i =
1
2
e21i (9.108)
whose derivative (using the value of _e1i) can be written as follows:
_W1i = e1i(x2i + d1i) (9.109)
According to the adaptive backstepping control (ABC) approach, the stabilizing
function x2i = i needs to be selected in such a way that _W1i becomes negative
semi-denite, i.e., _W1i  0. The stabilizing function i can be selected as the
following state feedback controller:
i =  k1ie1i (9.110)
where k1i is a positive design constant which is usually chosen by the designer
based on the characteristics of the system to tune the output response. Inserting
equation (9.110) into equation (9.109) yields
_W1i =  k1ie21i + e1id1i (9.111)
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If i steers e1i towards 0, i.e., e1i  0, _W1i in equation (9.111) will be negative
semi-denite which indicates the stability of _e1i. Now, the derivative of i needs
to be obtained as this will be used in the next step and using _e1i = x2i + d1i, this
derivative can be written as follows:
_i =  k1i(x2i + d1i) (9.112)
Step 2: Since x2i = i, the error representing the speed deviation can be written
as follows:
e2i = x2i   i (9.113)
whose derivative is:
_e2i = d2i + k1i(x2i + d1i)  Di
2Hi
[x2i + (Iqix3i + Idix4i
  Pmi)]
(9.114)
The CLF to stabilize _e1i and _e2i can be selected as follows:
W2i = W1i +
1
2
e22i (9.115)
whose derivative can be written as follows:
_W2i =  k1ie21i + e2i(
!0i
2Hi
Pmi   Di
2Hi
x2i   !0i
2Hi
Iqix3i
  !0i
2Hi
x4iIdi + k1ix2i) + e2i(d2i + k1id1i) + e1id1i
(9.116)
The ABC control scheme allows to consider x3i and x4i as virtual control variables.
Thus, the stabilizing functions 1i and 2i, to achieve the desired control objectives,
can be selected as follows:
1i =
2Hi
Iqi!0i
(
!0i
2Hi
Pmi   Di
2Hi
x2i + k1ix1i)
2i =
2Hi
Idi!0i
k2ie2i
(9.117)
where k2i > 0 is a positive design parameter which is also chosen by the designer
based on the characteristics of the system to tune the output response At this stage,
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the expression of _W2i in equation (9.116) can be simplied as follows:
_W2i =  k1ie21i   k2ie22i + e2i(d2i + k1id1i) + e1id1i (9.118)
From equation (9.118), it is evident that the rst two terms in _W2i are negative
semi-denite if e1i  0 and e2i  0 while the third and fourth terms are tolerated
at this step as the decisions are not made yet. The characteristics of the remaining
error dynamics are discussed in the following steps.
Step 3: Since the stabilizing functions in equation (9.117) are not the origi-
nal control inputs of the system, the corresponding error variables related to these
stabilizing functions can be dened as follows:
e3i = x3i   1i and e4i = x4i   2i (9.119)
The dynamic of e3i can be written as:
_e3i =  1ix3i + 2iIdi + 1ix5i + d3i   _1i (9.120)
And in terms of estimation errors, equation (9.120) can be rewritten as:
_e3i =  (^1i + ~1i)(x3i   x5i) + (^2i + ~2i)Idi + d3i   _1i (9.121)
where ^1i is the estimated value of 1i, ^2i is the estimated value of 2i, and ~1i =
1i   ^1i and ~2i = 2i   ^2i represent the estimation errors corresponding to the
unknown parameters 1i and 2i, respectively.
Similarly, the dynamic of e4i can be written as:
_e4i = (^3i + ~3i)x4i + (^4i + ~4i)Iqi + d4i   _2i (9.122)
At this stage, the CLF can be chosen as follows:
W3i =W2i +
1
2
(e23i + e
2
4i +
1
1i
~21i +
1
2i
~22i +
1
3i
~23i
+
1
4i
~24i)
(9.123)
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where 1i, 2i, 3i, and 4i are adaption gain parameters. The derivative ofW3i along
the trajectory of equations (9.118), (9.121), and (9.122) can be written as follows:
_W3i =  k1ie21i   k2ie22i + e3i[^2iIdi   ^1i(x3i   x5i)  _1i]
+ e4i(^3ix4i + ^4i   _2i)  1
1i
~1i[
_^
1i + 1ie3i(x3i 
x5i)]  1
2i
~2i(
_^
2i   2ie2iIdi)  1
3i
~3i(
_^
3i   3ie4i
x4i)  1
4i
~4i(
_^
4i   4ie3iIqi) + e1id1i +2ie2i + d3ie3i
+ d4ie4i
(9.124)
where 2i = d2i + k1id1i. In order to eliminate the eects of two positive terms on
the right side of equation (9.124), it is essential to obtain the following expressions:
3i =
1
^1i
(^1ix3i   ^2iIdi + _1i   k3ie3i)
^3ix4i + ^4i   _2i =  k4ie4i
(9.125)
where 3i is the stabilizing function for the virtual control variable x5i whereas
k3i and k4i are positive design parameters whose values are chosen by designers.
The adaptation laws are not still obtained at this stage as the unknown parame-
ters 1i; 2i; 3i, and 4i will appear in the subsequence step and the estimation of
these unknown parameters at this step will create over-parametrization problems.
However, the following tuning functions are considered at this step:
1i = 1ie3i(x3i   x5i); 2i = 2ie3iIdi;
3i = 3ie4ix4i; 4i = 4ie4iIqi
(9.126)
Using all these expressions from equations (9.125) and (9.126), equation (9.124) can
be simplied as follows:
_W3i =  k1ie21i   k2ie22i   k3ie23i   k4ie24i  
1
1i
~1i[
_^
1i + 1i)
  1
2i
~2i(
_^
2i   2i)  1
3i
~3i(
_^
3i   3i)  1
4i
~4i(
_^
4i
  4iIqi) + e1id1i +2ie2i + d3ie3i + d4ie4i
(9.127)
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From equation (9.127), it is clear that the rst four terms in the right side is negative
semi-denite while the negative terms associated with the parameter estimations are
tolerated at this point as the nal the decisions to estimate the unknown parameters
are not taken yet. The four positive terms on the right side of equation (9.127) will
be dealt in the next step. The derivative of 3i needs to be used in the next step
which can be written as follows:
_3i = Ai  Bi(x3i   x5i)1i +BiIdi2i +Bid3i (9.128)
where
Ai =
1
^1i
( 1i   _^2iIdi   _Idi^2i + k3i _1i) 
_^
1i
^21i
( _1i   ^2iIdi
  k3ie3i) and Bi = 1  k3i
^1i
The derivations of adaptation laws including the excitation control input as well as
the stability and robustness analysis of the whole system are shown in the following
step.
Step 4: The remaining error variable can be dened as follows:
e5i = x5i   3i (9.129)
and using the values of _x5i and _3i, the dynamic of e5i can be expressed as follows:
_e5i = 5ix5i + 6i(Vrefi + Vci   Vti)  Ai +Bi(x3i   x5i)
1i  BiIdi2i  Bid3i + d5i
(9.130)
By incorporating the estimation errors, equation (9.130) can be rewritten as:
_e5i = (^5i + ~5i)x5i + (^6i + ~6i)(Vrefi + Vci   Vti)
  Ai + d5i +Bi(x3i   x5i)(^1i + ~1i) BiIdi(^2i
+ ~2i) Bid3i
(9.131)
where ^5i is the estimated value of 5i, ^6i is the estimated value of 6i, and ~5i =
5i   ^5i and ~6i = 6i   ^6i represent the estimation errors corresponding to the
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unknown parameters 5i and 6i, respectively. The original control input Vci appears
in equation (9.131). At this point, the main objective is to obtain Vci in such a way
that the errors e1i; e2i; e3i; e4i; and e5i tend to zero as t!1. For this purpose, the
nal CLF of the whole system is chosen as:
W4i = W3i +
1
2
(e25i +
1
5i
~25i +
1
6i
~26i) (9.132)
whose derivative can be written as follows:
_W4i =  k1ie21i   k2ie22i   k3ie23i   k4ie24i + e5i[^5ix5i+
^6i(Vrefi + Vci   Vti)]  Ai +Bi(x3i   x5i)^1i   ^2i
BiIdi]  1
1i
~1i[
_^
1i + 1i   1ie5iBi(x3i   x5i)]  1
2i
~2i(
_^
2i   2i + 2ie5iBiIdi)  1
3i
~3i(
_^
3i   3i)  1
4i
~4i(
_^
4i   4i)  1
5i
~5i(
_^
5i   5ie5ix5i)  1
6i
~6i[
_^
6i
  6ie5i(Vrefi + Vci   Vti)] + e1id1i +2ie2i+
d3ie3i + d4ie4i +5ie5i
(9.133)
where 5i = d5i   Bid3i. The excitation control input and parameters adaptation
laws need to be selected in such a way that makes _W4i  0. This would happen if
Vci is selected as follows:
Vci =   1
^6i
[^6i(Vrefi   Vti) + e3i^1i + ^5ix5i   Ai 
^2iBiIdi   k5ie5i]  e1iF1isgn(e1i)  e2iF2isgn(e2i)
  e3iF3isgn(e3i)  e4iF4isgn(e4i)  e5iF5isgn(e5i)
(9.134)
and the parameters adaptation laws are selected as follows:
_^
1i =  1i + 1ie5iBi(x3i   x5i)
_^
2i = 2i   2ie5iBiIdi
_^
3i = 3i;
_^
4i = 4i;
_^
5i = 5ie5ix5i
_^
6i = 6ie5i(Vrefi + Vci   Vti)
(9.135)
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where sgn is the signum function which can be written as follows:
sgn(e) =
8>>><>>>:
+1 if e > 0
0 if e = 0
 1 if e < 0
(9.136)
Using equations (9.134) and (9.135), equation (9.133) can be rewritten as follows:
_W5i =  k1ie21i   k2ie22i   k3ie23i   k4ie24i   k5ie25i + e5i
(5i   F5isgn(e5i)) + e4i(d4i   F4isgn(e4i)) + e3i
(d3i   F3isgn(e3i)) + e2i(2i   F2isgn(e2i))+
e1i(d1i   F1isgn(e1i))
(9.137)
From equation (9.137), it can be seen that _W5i  0 if k1i to k5i are positive constants
and external disturbances satisfy the following conditions:
j d1i j F1i; j 2i j F2i; j d3i j F3i; j d4i j F4i; and j 5i j F5i
where F1i; F2i; F3i; F4i, and F5i are known as bounded constants. Thus, the designed
excitation controller and parameters adaptation laws guarantee the stability of the
whole system.
9.6 Nonlinear adaptive excitation controller design for
multimachine power systems based on the third-order
model (For the coordination purpose)
The following steps are used to obtain the excitation control input Efdi using an
adaptive backstepping control technique:
Step 1: Find i
Dene the rotor angle tracking error as:
e1i = x1i   x1di (9.138)
Its time derivative yields
_e1i = _x1i = x2i (9.139)
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where x2i is a stabilizing function (or a virtual control law) for equation (9.139). In
order to stabilize the rotor angle error dynamic, the CLF can be considered as:
W1i =
1
2
e21i (9.140)
By inserting the value of _e1i from equation (9.139), the derivative of equation (9.140)
can be written as:
_W1i = e1ix2i (9.141)
At this point, the virtual control law for x2i needs to be selected in such a way that
_W1i would be negative semi-denite, i.e., _W1i  0. To make _W1i  0, the synthetic
value for z2i can be chosen as:
i =  k1ie1i (9.142)
where k1i is a positive constant. Using equation (9.142), _W1i can be written as:
_W1i =  k1ie21i  0 (9.143)
which is negative semi-denite and indicates stable property of the stabilizing func-
tion. To obtain the actual control input, the stabilizing functions for the remaining
dynamics of synchronous generators need to be known which is discussed through
the following steps.
Step 2: Find i
As i is a virtual control, another error variable is dened as:
e2i = x2i   i (9.144)
and its derivative is
_e2i = _x2i   _1i (9.145)
Inserting the values of _x2i and _1i into equation (9.145), in terms of estimation errors
it can be written as:
_e2i =  ^1ix2i   x2i~2i + !0i^2i + !0i~2i   ^3iIqix3i   ~3iIqix3i + k1iz2i (9.146)
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where ~ji = ji   ^ji with j = 1; 2; 3 is the estimation error of the unknown param-
eters. In order to stabilize _e2i as dened by equation (9.146), the CLF is chosen
as:
W2i = W1i +
1
2
e22i +
1
21i
~21i +
1
22i
~22i +
1
23i
~23i (9.147)
where ki with k = 1; 2; 3 is an adaptation gain parameter. Substituting the values
of _W1i and _e2i into _W2, yields:
_W2i =  k1ie21i + e2i( ^1ix2i + !0i^2i   ^3iIqix3i + k1ix2i)  ~1i 11i ( _^1i+
1ix2ie2i)  ~2i 12i ( _^2i   2i!0ie2i)  ~3i 13i ( _^3i + 3ix3ie2iIqi)
(9.148)
The virtual control law of z3i can be chosen as:
i =
1
Iqi^3i
(^2i!0i   ^1iz2i + k1ix2i + k2ie2i) (9.149)
where k2i is an another positive constant parameter and then equation (9.148) re-
duces to
_W2i =  k1ie21i   k2ie22i   ~1i 11i ( _^1i + 1i)  ~2i 12i ( _^2i   2i) 
~3i
 1
3i (
_^
3i + 3i)
(9.150)
where 1i, 2i, and 3i are the tuning functions which are dened as follows:
1i = 1ix2ie2i
2i = 2i!0ie2i
3i = 3ie2iIqix3i
(9.151)
Since k1i > 0 and k2i > 0, it can be observed from equation (9.150) that the rst two
terms are negative denite and last three terms ~1i, ~2i, and ~3i are not eliminated
at this step as nal decisions for estimating ^1i, ^2i, and ^3i are not taken yet. Thus,
the overall stability of the closed-loop system will be ensured in the next step. Now,
the derivative of i is taken as it will be used to obtain the actual control law in the
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next step and this derivative is
_i = Ai  Bi   Ci   Fi1i +Gi2i   Ji3i (9.152)
where
Ai =
k1ik2ix2i   _^1ix2i
^3iIqi
Bi =
(k1ix2i   ^1ix2i + !0i^2i + k2ie2) _^3i
Iqi^23i
Ci =
(k1ix2i   ^1ix2i + !0i^2i + k2ie2) _Iqi
I2qi^3i
Fi =
k1i   ^1i + k2ix2i
^3iIqi
Gi =
k1i   ^1i + k2i
^3iIqi
Ji =
(k1i   ^1i)x3i + k2ix3i
^3i
The derivation of the actual excitation control law along with adaptation laws to
estimate the parameters as well as to maintain the stability of the whole power
system is discussed in the following step.
Step 3: Find Efdi
The nal error can be dened as:
e3i = x3i   i (9.153)
and the derivative of e3i after inserting values of _z3i and _i in terms of estimation
errors can be rewritten as:
_e3i = ^4iIdi + ~4iIdi + ^5i(Efdi   x3i) + ~5i(Efdi   x3i)  Ai +Bi + Ci+
Fi^1i + Fi~1i  Gi^2i  Gi~2i + Ji^3i + Ji~3i
(9.154)
The actual excitation control input Efdi appears in equation (9.154) which needs to
be designed in such a way that the errors e1i; e2i, and e3i converge to zero as t!1
in order to stabilize the dynamics. For this purpose, the nal CLF can be chosen
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as:
W3i = W2i +
1
2
e23i +
1
24i
~24i +
1
25i
~25i (9.155)
The insertion of the values of _W2i and _e3i in the derivative of W3i yields
_W3i =  k1ie21i   k2ie22i + e3i(^4iIdi + ^5i(Efdi   x3i)  Ai +Bi + Ci + Fi^1i
 Gi^2i + Ji^3i)  ~1i 11i ( _^1i + 1i   1iFie3i)  ~2i 12i ( _^2i   2i+
2iGie3i)  ~3i 13i ( _^3i + 3i   3iJie3i)  ~4i 14i ( _^4i   4ie3iIdi)
  ~5i 15i ( _^5i   5i(Efdi   x3i)e3i)
(9.156)
The terms ~1i, ~2i, ~3i, ~4i, and ~5i can now be eliminated from equation (9.156) with
the following adaptation laws:
_^
1i = 1iFie3i   1i
_^
2i = 2i   2iGie3i
_^
3i = 3iJie3i   3i
_^
4i = 4ie3iIdi
_^
5i = 5i(Efdi   x3i)e3i
(9.157)
and accordingly, equation (9.156) can be simplied as:
_W3i =  k1ie21i   k2ie22i + e3i(^4iIdi + ^5i(Efdi   x3i)  Ai +Bi + Ci+
Fi^1i  Gi^2i + Ji^3i)
(9.158)
To ensure the stability of the whole power system, the derivative of W3i should be
negative semi-denite, i.e., _W3i  0 which can be achieved by choosing the following
control law:
Efdi =   1
^5i
(^4iIdi   Ai +Bi + Ci + Fi^1i  Gi^2i + Ji^3i   ^5ix3i + k3ie3i)(9.159)
Equation (9.159) is the excitation control law where some quantities such as active
power, reactive power, speed, etc. are available from direct measurement and some
other quantities can be obtained from adaptation laws except Idi and Iqi. At steady-
state, we know that Pei = EqiIqi and Qei = EqiIdi where Eqi can be written as
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follows [5]:
Eqi = Vti +
xdiQei
Vti
(9.160)
Thus, the values of Idi and Iqi can be calculated from the following:
Idi =
Qei
Vti +
xdiQei
Vti
(9.161)
and
Iqi =
Pei
Vti +
xdiQei
Vti
(9.162)
In the above equations, Idi and Iqi are expressed in terms of the measured variables
which can easily be obtained in real power systems. Now, the nal excitation control
law can be written as:
Efdi =   1
^5i
(^4i
Qei
Vti +
xdiQei
Vti
  Ai +Bi + Ci + Fi^1i  Gi^2i + Ji^3i
  ^5ix3i + k3ie3i)
(9.163)
With this control law, equation (9.158) can be written as:
_W3i =  k1ie21i   k2ie22i   k3ie23i  0 (9.164)
which is negative semi-denite and indicates that the whole power system is stable.
9.7 Nonlinear adaptive steam-valve position controller
design for a coordinated controller of multimachine
power systems
The following steps are used to obtain the steam-valving control input Pci using an
adaptive backstepping control technique:
Step 1: Find 1i
According to the design purpose, the rst error e4i of turbine-governor systems
is dened as:
e4i = x4i   x4di (9.165)
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In terms of the estimation error, the derivative of e4i can be written as:
_e4i = ^6i(x4i + Pm0i) + ~6i(x4i + Pm0i) + ^7i(x5i +XE0i) + ~7i(x5i +XE0i)(9.166)
where x5i is the stabilizing function to stabilize the turbine dynamic as represented
by equation (9.166). In order to stabilize the dynamic of e4i dened by equation
(9.166), the CLF is considered as:
W4i =
1
2
e24i +
1
26i
~26i +
1
27i
~27i (9.167)
Using the value of _e4i, the derivative of W4i can be written as:
_W4i = e4i(^6i(x4i + Pm0i) + ^7i(x5i +XE0i))
  ~6i 16i ( _^6i   e4i6i(x4i + Pm0i))
  ~7i 17i ( _^7i   e4i7i(x5i +XE0i))
(9.168)
Using 1i as the control law to stabilize z5i, it can be chosen as:
1i =   1
^7i
(^6i(x4i + Pm0i) + ^7iXE0i + k4ie4i) (9.169)
In this case, equation (9.168) can be written as:
_W4i =  k4ie24i   ~6i 16i ( _^6i   4i)  ^7i 17i ( _^7i   5i) (9.170)
where 4i and 5i are the tuning functions which are dened as follows:
4i = 6ie4i(x4i + Pm0i)
5i = 7ie4i(x5i +XE0i)
(9.171)
To complete the nal step for obtaining the steam-valve control input, the value of
_1i is essential which can be obtained by taking the derivative of equation (9.169)
as:
_1i = i + i6i + i7i (9.172)
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where
i =
_^
7i(^6i(x4i + Pm0i) + ^7iXE0i + k4ie4i)
^27i
 
_^
6i(x4i + Pm0i)
^7i
 
_7iXE0i
^7i
i =  (x4i + Pm0i)(^6i + k4i)
^7i
i =  x5i(^6i + k4i)
^7i
(9.173)
The remaining error dynamics along with the stability analysis, in order to obtain
the nal control input Pci, is discussed in the following step.
Step 2: Find Pci
The nal error of turbine-governor systems can be dened as:
e5i = x5i   1i (9.174)
The derivative of e5i in terms of estimation errors, can be written as:
_e5i = ^8i(x5i +XE0i) + ~8i(x5i +XE0i) + ^9iPci+
~9iPci + ^10i
x2i
!0i
+ ~10i
x2i
!0i
  i   i^6i
  i~6i   i^7i   i~7i
(9.175)
From equation (9.175), it can be seen that the actual control input Pci appears and
now, it is essential to choose the CLF in order to stabilize the error dynamics of e4i
and e5i which can be done as follows:
W5i =W4i +
1
2
e25i +
1
28i
~28i +
1
29i
~29i +
1
210i
~210i (9.176)
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By inserting the values of _W5i and _e5i into the derivative of W5i, it can be written
as:
_W5i =  k4ie24i + e5i(^8i(x5i +XE0i) + ^9iPci+
^10
x2i
!0i
  i   i^6i   i^7i)  ~6i 16i ( _^6i   4i+
6iie5i)  ~7i 17i ( _^7i   5i + 7iie5i)  ~9i 19i
(
_^
9i   9iPcie5i)  ~8i 18i ( _^8i   8i(x5i +XE0i)
e5i)  ~10i 110i( _^10i   10i
x2i
!0i
e5i)
(9.177)
The terms ~6i; ~7i; ~8i; ~9i, and ~10i will converge to zero if the adaptation laws are
chosen as follows:
_^
6i = 4i   6iie5i
_^
7i = 5i   7iie5i
_^
8i = 8ie5i(x5i +XE0i)
_^
9i = 9ie5iPci
_^
10i = 10ie5i
x2i
!0i
(9.178)
With these, equation (9.177) reduces to
_W5i =  k4ie24i + e5i(^8i(x5i +XE0i) + ^9iPci + ^10i
x2i
!0i
  i   i^6i   i^7i)(9.179)
In order to make _W5i  0, i.e., the bracketed term multiplying e5i in equation (9.179)
should be equal to  k5ie25i, k5i > 0. Thus, the control law Pci is chosen as:
Pci =   1
^9i
(^8i(x5i +XE0i) + ^10i
x2i
!0i
  i   i^6i   i^7i + k5ie5i) (9.180)
which yields
_W5i =  k4ie24i   k5ie25i  0 (9.181)
Equation (9.181) is negative semi-denite and indicates that the whole system will
be stable with the designed steam-valve controller.
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